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Abstract 
The tegument of Schistosoma mansoni serves a variety of critical biological roles for the 
parasite, including uptake of nutrients, osmoregulation, immune evasion and 
immunomodulation. Dynein light chains (DLCs) and tetraspanins (TSPs) are prominent 
proteins in the tegument and appear to be intimately linked with other molecules present in 
the apical, host-interactive, membrane of the parasites. In other eukaryotic cells, 
cytoplasmic DLCs are a subunit of motor complexes involved in such diverse cellular 
translocation events as protein trafficking, mitosis and ciliary beating. DLCs of the 
schistosome tegument likely have similar roles and are likely to be important in the 
development and renewal of the tegument membrane, thereby contributing to parasite 
survival in its host. There is evidence that S. mansoni DLCs bind to a group of proteins 
unique to the tegument, the tegument allergen-like antigens (TALs) suggesting that 
schistosome DLCs may form complexes outside of the dynein complex. TSPs are 
membrane-spanning proteins that act as scaffolds for the formation of membrane-
associated protein complexes comprising a wide variety of proteins. These TSP-enriched 
microdomains are known to play a wide range of roles within human cells, including 
maintenance of cell morphology and cell signalling.  
 
The biology of DLCs, TALs and TSPs in schistosome tegument is investigated in this 
study. Two DLCs, SmDLC1 and SmDLC5, three TALs, Sm20.8, Sm21.7 and Sm22.6 
along with SmTSP-2 are the focus of this study. The tegumental localisation and 
transcription throughout the schistosome life cycle are reported for each transcript. By 
indirect immunocytochemistry the localisation within the tegument of SmTSP-2, SmDLC1 
and Sm22.6 was investigated using parasites prepared by high pressure freezing for 
electron microscopy and cryosubstitution in uranyl acetate in solvent. SmTSP-2 was 
strongly membrane associated but little labelling was associated with the apical tegument 
membranes. SmDLC1 labelling was abundant in the entire tegument cytoplasm, close to 
the apical tegument membranes, surface invaginations and on the membranes on some 
tegumental vesicles. Sm22.6 had a more diffuse localisation pattern across the cytoplasm 
and labelling was apparent close to the apical surface membranes. Dual labelling 
immunocytochemistry of SmDLC1 and Sm22.6 did not show labelling patterns that 
confirmed the interaction of these SmDLCs and SmTALs. The transcript abundance of 
SmDLCs and SmTALs were assessed in the schistosome life cycle by real-time PCR. A 
similar pattern was seen for most transcripts, with transcript abundance increasing as the 
parasite developed from free-living life cycle stages (egg, miracidia, cercariae) to parasitic 
ii 
stages (schistosomula and adults). The most striking exception to this pattern is Sm21.7, 
which has a consistently high abundance across all life cycle stages. 
 
Protein interactions in the tegument were explored using Blue Native polyacrylamide gel 
electrophoresis and protein crosslinkers, coupled with in-line liquid chromatography-
tandem mass spectrometry, with confirmation by immunoprecipitation. In total, eight 
proteins were identified as interaction partners of SmTSP-2. The interaction partners of 
Sm22.6 and SmDLC1 could not be confirmed by immunoprecipitation experiments, 
however a list of potential protein interaction partners is reported. 
 
To assess the function of SmDLCs and SmTALs, RNA interference (RNAi) was applied to 
both adult and juvenile life stages to knockdown genes of interest. After RNAi 
experimentation, transcript and protein knockdown were assessed and phenotypic 
changes visualised by electron microscopy. RNAi applied to adult schistosomes resulted in 
a decrease of transcription by 93% to 98.5% and protein reduction for Sm22.6 and 
SmDLC1 was 25% and 27%, respectively. RNAi suppression in schistosomula resulted in 
a decrease of transcription by 90.5% to 99.9% and protein levels of Sm22.6 were 
decreased while the protein levels of SmDLC1 remained constant. The redundancy of 
SmDLC and SmTAL transcripts after RNAi were analysed by real-time PCR.  
 
This study provides insights into the molecular complexes associated with the host-
interactive surface of schistosomes and highlights which molecules are associated with the 
surface membranes and how these molecules functionally contribute to the maintenance 
of the parasite host-parasite interface. Tegument development and maintenance are 
critical biological functions for the survival of the parasite within the mammal host and this 
research may lead to the identification of novel targets for vaccination or drug therapy for 
schistosomiasis. 
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Chapter 1 
Project Background 
 
1.1 Introduction 
Members of the flatworm genus Schistosoma are blood flukes responsible for the 
important parasitic disease of humans, schistosomiasis. Of the species known to infect 
humans, three, namely Schistosoma mansoni, S. japonicum and S. haematobium are 
responsible for most infections and disease burden. Two other species, S. intercalatum 
and S. mekongi, are less commonly encountered as they have a more focal distribution 
(McManus and Loukas, 2008). Current estimates suggest that 200 million people in 74 
countries are infected, with many more at risk of infection (McManus and Loukas, 2008). 
Pathogenesis in schistosomiasis arises primarily from the immune response to eggs 
trapped in tissue, rather than to the direct activity or presence of adult worms. The adult 
parasites can live for many years in the host without succumbing to attack by host immune 
response (Pearce and MacDonald, 2002; Wilson et al., 2007). 
 
Despite the application of control measures in endemic areas, including improved water 
sanitation, snail control and chemotherapy, schistosomiasis is spreading to new regions 
(McManus and Loukas, 2008). Currently, one drug, praziquantel, is used for treatment and 
control of schistosomiasis. This anthelminthic shows cure rates of 60 to 90% (Ross et al., 
2002), although in humans that are not cured, the worm burden and egg production is 
significantly decreased after treatment (Ross et al., 2002). Resistance to praziquantel is 
suspected in natural populations and has been generated in the laboratory, highlighting 
the need for new anti-schistosome therapies (McManus and Loukas, 2008).  
 
1.2 Schistosome life cycle 
All schistosomes infecting humans have similar life cycles that differ primarily in preference 
of snail intermediate host species, definitive host range, and site of infection in the human 
host (Figure 1.1). Unlike many other digeneans, schistosome species do not require a 
second intermediate host to complete their life cycle (Cribb et al., 2003). Since S. mansoni 
is selected as the model and focus of this project, the life cycle of this species will be 
presented in detail here.  
 
The embryonated eggs are passed in the faeces of an infected human. Upon contact with 
fresh water, the intraovular larva, the miracidium, hatches from the egg. Miracidia can 
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survive in the external aquatic environment for up to 24 hours in optimal conditions, during 
which time they actively seek a suitable snail host. Schistosoma mansoni miracidia infect a 
freshwater snail of the genus Biomphalaria (reviewed by McManus and Loukas, 2008). On 
finding a snail, the miracidium penetrates through its body wall and transforms into the first 
parasitic stage, the mother sporocyst. This single mother sporocyst produces by asexual 
reproduction a subsequent generation, of daughter sporocysts. These, in turn, reproduce 
asexually, giving rise to a large number of offspring, the cercariae, in germ balls within 
their bodies (reviewed by McManus and Loukas, 2008). 
 
Cercariae escape from the snail into the aquatic environment and display distinct 
swimming behaviours to seek a human host (Dorsey et al., 2002). Cercariae have a forked 
tail for locomotion through water and the body of the cercariae have at least four types of 
glands to enable penetration of the human skin (Dorsey et al., 2002). During skin 
penetration, the cercaria drops its tail and the resultant tail-less larva, the schistosomulum, 
migrates into the dermis and undergoes a period of development of approximately 1-2 
days (He et al., 2002; McKerrow and Salter, 2002; Wilson and Coulson, 2009). The 
schistosomulum then enters the vasculature and travels to the lungs. After a period of 
stasis and development in the lungs, the worms pass to the liver. Within this organ, males 
search for and pair with a female worm. The worm pairs then migrate to the superior 
mesenteric veins around the intestine where egg production begins (reviewed by 
McManus and Loukas, 2008). Eggs are laid against the endothelium of blood vessels 
draining the intestine. The eggs pass through the intestinal wall and are released with the 
faeces into water completing the life cycle. 
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Figure 1.1. Life cycle of schistosomes. (From: http://www.dpd.cdc.gov/dpdx/html/ 
schistosomiasis.htm). Schistosoma japonicum, S. mansoni, S. mekongi and S. 
intercalatum cause hepatic and intestinal fibrosis. S. haemotobium causes fibrosis and 
calcification of the urinary and genital tract. Infection of the human or zoonotic (in the case 
of S. japonicum) hosts occurs by contact with free-swimming cercariae in fresh water. 
Cercariae penetrate the skin and a schistosomulum develops under the skin and migrates 
to the lungs. The worms migrate to the liver where they mature and pair. Pairs of worms 
migrate to the intestinal veins (S. mansoni and S. japonicum) or veins of the ureters (S. 
haematobium). Egg production begins four to six weeks after infection and eggs are 
passed through the intestinal wall to be released in faeces (S. mansoni and S. japonicum) 
or through the bladder wall to be released in urine (S. haematobium). The eggs hatch in 
fresh water and release miracidia, which infect fresh water snails specific for each species 
of schistosome. The miracidia give rise to two generations of asexual reproducing 
parasites in the snail, giving rise in turn to cercariae that are released into fresh water. 
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1.3. Pathogenesis of schistosomiasis  
The pathogenesis manifests itself in different ways during parasite development and can 
be considered in three phases: the migratory, acute and chronic phases. 
 
1.3.1 Migratory phase and acute phase 
The migratory phase is the period in the schistosome life cycle from the penetration of the 
cercariae until maturation and pairing of the adult worms. The acute phase of infection 
begins when the adult female worms in a pair commence egg production, referred to as 
Katayama syndrome (Ross et al., 2002). The clinical manifestation of Katayama syndrome 
varies, depending on previous exposure to schistosome infection (Ross et al., 2007). 
There are usually no symptoms in people who have been exposed previously. In people 
without history of schistosome infection, a variety of non-specific symptoms can be 
experienced, including, fever, cough, fatigue, headache, muscle aches, lymphadenopathy 
and bloody diarrhoea (Gryseels et al., 2006; Ross et al., 2002). 
 
1.3.2 Chronic phase 
The chronic phase of schistosomiasis mansoni is a result of the host response to eggs 
deposited in organs and in which the immune system elicits a granulomatous reaction 
(Pearce and MacDonald, 2002). The severity of chronic disease is proportional to the 
intensity of egg deposition and the amount of antigen released from the eggs (Ross et al., 
2002). The granuloma destroys the egg but leaves behind fibrotic deposits in host tissue, 
which leads to the symptoms of chronic disease. In hepato-intestinal schistosomiasis, the 
most common sites of granuloma formation are the intestine and liver (Gryseels et al., 
2006). Patients suffering from chronic schistosomiasis of the intestine can also present at 
clinics with signs of bloody diarrhoea and abdominal pain. Pathogenesis of hepatosplenic 
disease occurs by granulomatous inflammation, venous obstruction, portal hypertension 
and splenomegaly (Gryseels et al., 2006). Of those with chronic schistosomiasis, 4 to 8% 
will develop liver clay-pipe-stem fibrosis as a result of complex immunoregulation (Ross et 
al., 2002). 
 
1.4 Schistosomes in their definitive host 
Adult schistosomes are 7 to 20mm in length (Gryseels et al., 2006). Male schistosomes 
are shorter and more muscular than females. Adult worms are paired for life. The adult 
male worm possesses a gynaecophoric canal that partially encloses the female worm 
(Gryseels et al., 2006). The mouth lies anteriorly in both males and females and is 
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surrounded by an oral sucker. A ventral sucker is located postero-ventrally to the oral 
sucker at the anterior of the body (Rollinson and Simpson, 1987).  
 
The mouth opens into a blind digestive canal. Schistosomes do not have a muscular 
pharynx and ingestion of a blood meal is dependent on the positive pressure of blood and 
negative pressure produced by the oral sucker and the oesophagus (Halton, 1997). The 
mouth opens into a small foregut that is supported by a secretory gland, the oesophageal 
gland. The foregut leads immediately into the gastrodermis, an extensive and absorptive 
gut lining that runs along the entire length of the body. Immediately behind the level of the 
ventral sucker, the gastrodermis splits into two caeca that pass posteriorly along the body 
until the region of the ovary, at which point they rejoin to form a single caecum that passes 
to the posterior extremity of the worm. The gastrodermis is a single unilaminate syncytium, 
lined by extensive lamellae that increase the surface area for absorption of nutrients from 
the gut lumen (Dalton et al., 2004). The female has extensive vitellaria that surround the 
gut in the posterior two thirds of the worm (Gobert et al., 2009).  
 
1.5 Schistosome tegument 
The tegument is a thin layer of anucleate cytoplasm that provides a variety of needs for the 
parasite including immune evasion and modulation, nutrition, excretion, osmoregulation, 
sensory reception and signal transduction (Jones et al., 2004). The tegument is a single 
syncytium that surrounds the entire worm that is in continuity with other epithelia that form 
the gut, reproductive and excretory ducts (Jones et al., 2004).  
 
The tegument of each schistosome species has a similar morphology (Gobert et al., 2003). 
The tegument is lined apically by a complex of membranes that present as a 
heptalaminate complex. This complex consists of a unit membrane that is overlain by a 
membraneous layer, the membranocalyx (Wilson and Barnes, 1977). The membranocalyx 
is thought to be depauperate of proteins and acts primarily as a barrier for the more 
protein-rich and potentially immunogenic membrane below (Braschi and Wilson, 2006). 
Both membranes are constantly renewed throughout the life of the worm (Figure 1.2). The 
membranocalyx is less stable than the inner layers, which suggests it has a different 
composition and can only be visualised by electron microscopy using certain fixation 
methods (Skelly and Wilson, 2006).  
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The tegument of S. mansoni has specialised features that vary by region and by gender 
(Skelly and Wilson, 2006). Males possess papillae (known as tubercules) located on their 
dorsal surface and the number of tubercules is reduced near the lateral and posterior 
dorsal surface (Hockley, 1973). These tubercules are covered in spines, which point 
toward the tubercle apex. Between the tubercules the surface is ridged and in the ridges 
the tegument invaginates to form pits. The lateral edges of the male curl ventrally to form 
the gynaecophoric canal and possess bands of large spines which hold the female 
(Hockley and McLaren, 1973). The surface of the female worm is similar to that of the 
ridged and pitted surface of the male. Female worms have a smaller number of tubercules 
than males and these are primarily located in the posterior region (Hockley, 1973).  
 
The apical cytoplasm of the tegument contains small mitochondria and secretory bodies 
termed discoid bodies (also known as elongate bodies) and multilaminate vesicles (also 
known as membranous vesicles) (Skelly and Wilson, 2006). Discoid bodies are 
approximately 200nm by 40nm and are 20-fold more abundant than multilaminate vesicles 
(Skelly and Wilson, 2006). Discoid bodies have a single lipid bilayer that contains a dense 
granular intracellular content. Multilaminate vesicles are 150nm to 200nm in diameter and 
contain tightly packed membranes arranged concentrically. Discoid bodies are found in the 
tegument of all parasitic flatworms but multilaminate vesicles are only found in the 
tegument of blood flukes (Skelly and Wilson, 2006).  
 
It was originally thought that discoid bodies contributed to the maintenance of the apical 
membrane while the multilaminate vesicles contribute to the maintenance of the 
membranocalyx. However, multilaminate vesicles have been shown to contribute to both 
tegument membranes (Skelly and Wilson, 2006). Discoid bodies have been shown to 
transport material to the surface and release their contents into the tegument cytoplasm 
(Wilson and Barnes, 1977). The material released from these vesicles extends over the 
apical plasma membranes and is seen as blobs of muco-polysaccharide (Skelly and 
Wilson, 2006).  
 
The nucleated cell bodies (or cytons) (Figure 1.2) of the tegument are withdrawn into the 
body of the worm, being located in the parenchymal region, below the basement 
membrane and myofibrils. The cytons are connected to the tegument by cytoplasmic 
connections. These cytoplasmic connections are lined with microtubules and allow the 
transport of vesicles between the tegument and cytons. The cytons contain endoplasmic 
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reticulum, Golgi bodies, mitochondria and are occasionally multinucleate. Protein 
synthesis occurs within the cytons, the products of which are packaged in secretory bodies 
for transport to the apical cytoplasm. The basement membrane, which separates the 
tegument cytoplasm from the underlying muscles layer, also invaginates into the tegument 
cytoplasm, which suggest a highly absorptive surface but may also contribute to tegument 
flexibility (Hockley and McLaren, 1973).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Schematic of the schistosome tegument and overview of possible mechanisms 
of tegument turnover (Mulvenna et al., 2010a). (A) Apical tegument membranes turnover 
can occur by membranes being shed and replaced by contents of tegumentary vesicles 
(B) Reduction of the membranocalyx and apical membranes can occur by endocystosis of 
membranes which are then broken down in the tegument. 
 
1.6 Cercerial transformation and tegument turnover 
A significant event in schistosome infection is the transformation of the infective larva, the 
cercaria, to the host-adapted larva, the schistosomulum. Cercariae have a tegument 
consisting of a typical bilayer membrane overlain by a glycan surface, known as the 
glycocalyx (Figure 1.3). When cercariae penetrate host skin, the membrane quickly 
transforms from a simple membrane to a bi-laminar membrane complex. The cercariae 
shed the glyocalyx and the tegument membrane transforms to a mostly multilaminate 
membrane by 60 minutes post-infection (Skelly and Shoemaker, 2001; Skelly and Wilson, 
2006).The entire double lipid bilayer tegument has been formed by several hours post-
infection (Skelly and Shoemaker, 2001).  
 
Apical Cytoplasm 
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Figure 1.3. Cercarial transformation. The simple cercariae tegument (T) is overlain by a 
glycocalyx (GL) which is transformed upon host penetration (left). In the schistosomulum 
the tegument begins to thicken and develop (middle) and finally becomes the fully 
developed adult tegument (right). Taken from Jones (2004) and Malcolm Jones, 
unpublished. 
 
The adult tegument membranes are replaced regularly in vivo, with an estimated turnover 
rate of 5 days (Githui et al., 2009). It is thought that tegument recycling enables the worm 
to overcome host immune responses and live within the host (Jones et al., 2004). 
Tegument turnover is proposed to occur through events of membrane recycling through 
endocytosis and membrane shedding, but the relative significance of these events in 
tegument maintenance is poorly understood (Skelly and Wilson, 2006). Maintenance of the 
tegument occurs with the multilaminate vesicles that migrate from the cytons along the 
cytoplasmic connections to fuse with the apical membrane and release their contents 
which integrate into the membranocalyx (Mulvenna et al., 2010a). The cell biology of 
tegument turnover is not known and studies are hampered by poor survival of 
schistosomes and of their tegument in culture outside of the host (Kusel et al., 2007). 
There are two current ideas to explain how the tegument is turned over. The first is that the 
tegument membranes are shed into host blood and are replaced by distribution of vesicle 
contents on the surface (Wilson and Barnes, 1977). The second is that the membranes 
are endocytosed and broken down in the tegument (Skelly and Wilson, 2006). 
 
1.7 Roles of the tegument in schistosome control 
Treatment and control of schistosomiasis relies heavily on a single drug, praziquantel. 
Despite widespread use of praziquantel, schistosomaisis is spreading to new regions 
(McManus and Loukas, 2008). Treatment with the drug does not protect humans against 
Cercaria Adult Schistosomulum 
Cercariae 
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reinfection. The potential for resistance to praziquantel clearly signifies the need for an 
alternative treatment for schistosomiasis. The case for an anti-schistosome vaccine is well 
documented, however many trials have failed to produce protection against reinfection 
(McManus and Loukas, 2008; Skelly and Wilson, 2006). In addition to understanding the 
complex immune responses in schistosome infection, understanding the biology of the 
tegument is crucial in vaccine or drug development. 
 
Previous vaccine targets against schistosomiasis have been selected on the basis of sero-
dominance of specific antigens in affected individuals and experimental hosts, and more 
recently, after identification of putative surface antigens by proteomic analyses. While a 
vaccine candidate that produces a significant amount of worm or egg reduction has been 
identified, this is not yet definitive, and as such other promising leads need to be found 
(McManus and Loukas, 2008). The failure of sero-dominant antigens as vaccines may 
have occurred because these highly antigenic molecules were never exposed to the host 
immune system by living parasites, but only ever became exposed after the parasites died 
(Kusel et al., 1975; Mulvenna et al., 2010a). The search for truly surface molecules by 
proteomic analyses of membrane proteins has more promise, but full development of a 
suitable vaccine is hampered by a very poor understanding of the roles of these molecules 
and how and when in the parasites development these molecules are exposed to the host.  
 
An important aspect of understanding the biology of the tegument is how the tegument 
interacts with the host immune system and evades attack. Schistosomes have developed 
mechanisms to overcome immunological attack from the host (Gryseels et al., 2006). The 
exact mechanisms of immune evasion are unknown, however some ideas have been 
proposed (Abath and Werkhauser, 1996; Skelly and Wilson, 2006). Schistosomes acquire 
host antigens and present them on their tegument, this antigenic masking tricks the host 
immune system and renders the worm resistant to immune attack (Abath and Werkhauser, 
1996). Schistosomes are able to produce host-like molecules that are presented to the 
host immune system and many molecules of host-origin have been found on the tegument 
of schistosomes. These molecules include major histocompatibilty antigens and 
immunoglobulins (Skelly and Wilson, 2006). Schistosomes are also thought to express 
receptors for these host proteins which enable the parasite to effectively camouflage itself 
again the host immune response (Loukas et al., 2001).  
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The surface of larval and adult schistosomes is thought to present proteins that can bind 
host molecules. It is not known how these molecules are actually presented at the surface, 
which, as stated above is lined by the protein-depauperate membranocalyx. Fc receptors, 
a feature of a protective immune response, have been found on the worms surface 
indicating they can bind immunoglobulins and make them inaccessible for subsequent 
molecular interactions (Loukas et al., 2001). Protease activity is thought to occur on the 
surface of the schistosomula and adult worms. A 28 kDa serine protease has been shown 
to cleave complement proteins, contributing to the avoidance of complement-mediated 
immune attacks (Abath and Werkhauser, 1996).  
 
The expression of immunogenic molecules at the surface of schistosomes can differ over 
time due to the developmental stage of the parasites, secretory and repair activity in 
surface membranes. Over time antigens may be switched off and no longer expressed on 
the tegument or they may be replaced with alternative molecules (Abath and Werkhauser, 
1996). This switching of gene expression may also contribute to immune evasion by 
schistosomes. The immune evasion of the schistosome is a complex process with many 
different mechanisms contributing to the long term survival of schistosomes in their human 
hosts. 
 
1.8 Dynein molecular motors 
Dyneins are macromolecular motor protein complexes that belong to the ATPase class of 
enzymes. Two general forms of dynein complex are recognised for eukaryotic cells, based 
on function and cell localization. These are the axonemal and cytoplasmic dyneins 
(Harrison and King, 2000; King, 2000). Axonemal dyneins are involved in cilial and 
flagellar motility. Cytoplasmic dyneins are principally responsible for molecular transport 
along microtubules towards the minus end of the microtubule, that is, they transport 
materials from the surface towards the centre of cells. Two forms of cytoplasmic dyneins 
have been described, cytoplasmic dynein 1 and 2 (Pfister et al., 2006). Cytoplasmic dynein 
1 (Figure 1.4), which is more abundant than cytoplasmic dynein 2, is comprised of multiple 
subunits, associates with dynein regulators and has multiple functions in the cell (Pfister et 
al., 2006). Cytoplasmic dynein 2 is thought to have a role in intraflagellar transport, which 
is required for cillary and flagellar assembly. Cytoplasmic dynein 2 is less complex than 
cytoplasmic dynein 1 as it is comprised of a homodimer of a specific heavy chain, distinct 
from that of cytoplamic dynein 1, and a light intermediate chain subunit (Pfister et al., 
2006). Currently, no other subunits or dynein regulators are found to be associated with 
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cytoplasmic dynein 2. In this thesis, cytoplasmic dynein 1 will be referred to, unless 
specified otherwise. 
 
Cytoplasmic dyneins are macromolecular complexes composed of several subunits. The 
primary component of dynein complexes are the dynein heavy chains, which act as 
ATPase motors that power motility along a microtubule. In addition to the dynein heavy 
chain (DHC), other components of the dynein complexes are a range of non-catalytic 
subunits, called dynein intermediate chains (DIC), dynein light intermediate chains (DLIC) 
and dynein light chains (DLC) (Figure 1.4, Table 1.1) (King, 2000; Pfister et al., 2006). 
Among the functions proposed for these subunits, they are suspected to link the dynein 
complex to specific cargos (Akhmanova and Hammer, 2010) and, in addition, they are 
associated with several adaptor proteins that regulate dynein function (Culver-Hanlon et 
al., 2006). The functions and cargo specificity of each dynein complex differs, and it is 
thought that the arrangement of subunits determines the identity and functioning of each 
different dynein complex. Dyneins have a general structural organisation, but some dynein 
complexes do differ from this overall plan (Harrison and King, 2000). 
 
Figure 1.4. Overview of the dynein complex. The dynein subunits are differentiated by 
different colours. The DHCs are shown in dark blue, DLIC in yellow, DIC in orange, the 
three DLCs in shades of green. Dynein adaptor proteins interactions are shown in the light 
blue boxes (Kardon and Vale, 2009). 
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Table 1.1. Summary of the subunits of dynein molecular motors (Harrison and King, 2000; 
King, 2000; Pfister et al., 2006). 
Subunit Name Abbreviation 
Approximate 
Size (kDa) 
Possible function in the dynein 
complex 
Dynein Heavy Chain DHC 500 Powers motility 
Dynein Intermediate 
Chain 
DIC 70 to 120 
Cargo attachment, cargo 
specificity 
Dynein Light 
Intermediate Chain 
DLIC 50 to 60 Complex stability 
Dynein Light Chain DLC 8 to 22 
Control of motor functions, 
cargo adaptor, cargo specificity 
 
1.8.1 Dynein heavy chains 
DHCs are the largest of the dynein subunits, usually approximately 500 kDa in size. DHCs 
connect the dynein complex to the microtubule and power motility along the microtubule. 
DHCs are homologues of the AAA family of ATPase class of enzymes (Pfister et al., 
2006). DHCs commonly associate as homodimers in the dynein complex, however dynein 
complexes with one or three DHCs have been identified (Harrison and King, 2000). The 
carboxy-terminal domain of the DHCs is comprised of six AAA domains, where energy is 
produced through ATP hydrolysis and binding, and a coiled-coil extension, which contains 
the microtubule-binding domain. The amino-terminal tail is involved in homodimerization 
and acts as a scaffold for the assembly of the five dynein non-catalytic subunits (Kardon 
and Vale, 2009). Most organisms express a number of DHCs that share common features 
(Harrison and King, 2000). There are two recognised groups of DHC that belong to the two 
cytoplasmic dyneins, DYNC1H1 and DYNC2H1 (Pfister et al., 2006). 
 
One common feature of DHCs is the presence of four nucleotide-binding consensus 
sequences (known as P-loops), which are separated by approximately 350 amino acids. 
The P1 loop is located closest to the N-terminus and is conserved in both cytoplasmic and 
axonemal dyneins. The complete conservation of the loop across the functionally-distinct 
DHCs suggests that this region has significant functional importance. The P1 loop forms a 
part of the ATP-hydrolysing site of DHC and disruption of this region leads to complete 
loss of ATPase activity (Harrison and King, 2000). P-loops 2-4 are more diverse in 
sequence. P3 is highly conserved in cytoplasmic dynein, while P4 is highly conserved in 
axonemal dynein. The conservation of P3 and P4 in the two dyneins suggests these 
region may have functional significance for each dynein type (Harrison and King, 2000). P-
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loops 2-4 have not been designated a function but preliminary studies show they bind 
nucleotides which may suggest a function in dynein motor action (Harrison and King, 
2000).  
 
1.8.2 Dynein intermediate chains 
DICs fall into two distinct classes (DYNC1I1 and DYNC1I2) and typically range from 70 to 
120 kDa in size (Pfister et al., 2006). DICs are members of the WD-repeat protein family 
and each DIC sequence contains 5 or 6 repeated segments in the C-terminal region 
(Harrison and King, 2000). Each of the WD-repeat motifs is approximately 40 residues in 
length and encodes four beta strands that form ring structures (Harrison and King, 2000). 
This region is where the DHC binds the DIC. The N-terminal region is not related to the C-
terminal region which suggests the N-terminal region has a distinct function (Harrison and 
King, 2000). In the dynein complex, DICs are located at the base of soluble dynein particle 
and are involved in the attachment of the DHC motor to specific cargoes and help 
assemble the complex (Pfister et al., 2006). 
 
Axonemal DIC do not undergo post-translational modifications, whereas cytoplasmic 
dyneins can be so modified (Harrison and King, 2000). A cytoplasmic DIC found in rat 
brains is encoded by two genes and is subject to alternative splicing, undergoes 
differential phosphorylation and generates multiple isoforms that are developmentally 
regulated (Harrison and King, 2000). This suggests different DICs are needed during rat 
brain development and the different DICs may transport alternative cargo or result in 
different dynein functions. 
 
1.8.3 Dynein light intermediate chains 
DLICs have only recently been recognised as a distinct subunit of dynein. Previously 
DLICs were referred to as “light chains” but after the identification of smaller DLCs, these 
subunits were renamed (Pfister et al., 2006). As a result of their recent recognition as 
distinct units, knowledge of their role in the dynein complex is limited. DLICs typically 
range in size from 50-60 kDa. Three groups of DLICs have been described, including two 
homologous proteins that are part of cytoplasmic dynein 1 (DLIC1 and DLIC2), and a 
single highly divergent protein that is the only known subunit of cytoplasmic dynein 2 
(DLIC3) (Tan et al., 2011). DLIC1 and DLIC2 have not been found as a part of the same 
dynein complex. Therefore, the two DLICs form distinct pools for cytoplasmic dynein 
complexes. Complexes with the different DLIC subunits appear to have different protein 
interactions and different cellular roles (Tan et al., 2011). 
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Unlike the other dynein subunits, homologues for DLICs have not been found in axonemal 
dyneins (Pfister et al., 2006). The function of DLICs is unknown, and it has been 
suggested that they may regulate interactions of dynein with dynactin or with cargoes. The 
two DLICs that are associated with cytoplasmic dynein in mammalian cells are not 
required for dynein complex stability (Zhang et al., 2009). On the other hand, the only 
DLIC homolog described from lower eukaryotes, the DLIC of Aspergillus nidulans, is 
required for the stability of DHCs and DICs and possibly for the stability of the entire 
dynein complex. (Zhang et al., 2009). 
 
1.8.4 Dynein light chains 
DLCs are the smallest subunits (8-22 kDa) found in the dynein complex and are also the 
most promiscuous, often found in protein-protein interactions outside of the dynein 
complexes. Three known DLC subunits that bind to the DIC of the dynein complex are 
LC8, LC7, Tctex DLCs. The three DLCs belong to two distinct DLC classes, one of which 
is bound in the macromolecule to DIC and those tightly bound to DHC (Harrison and King, 
2000). The DLCs that bind to the DHC are mostly found in axonemal dynein complexes, 
whereas the DLCs associated with the DICs are similar or identical in cytoplasmic and 
axonemal dyneins. It has been shown that after disruption of these proteins, dynein 
complexes cannot assemble, which suggests these DLCs have important roles in dynein 
structure (Harrison and King, 2000). In one study, it was shown that LC8 and Tctex DLCs 
are involved in the control of motor functions such as phototactic steering and photoshock 
response (Harrison and King, 2000).  
 
1.8.4.1 LC8 family of DLCs  
LC8 (LC8a, DYNLL1) DLCs are the smallest of the DLCs, being typically around 89 amino 
acids and are a dynein complex subunit. LC8 is highly conserved and found in all 
organisms (Mohan and Hosur, 2009). LC8 DLCs are also known for their role in many 
protein interactions outside of the dynein complex. It has been suggested that LC8s may 
be important for the correct assembly and function of dynein complexes. When LC8 is 
bound to a DIC it acts as cargo adaptor of the complex, enabling the complex to dock and 
carry specific cargo (Pfister et al., 2006). Although it is unclear how the DLC binds to the 
DIC and the cargo simultaneously (Barbar, 2008). 
 
LC8 DLCs exists as a homodimer forming two identical binding sites. The binding sites in 
the LC8 DLC binding partners are usually found near regions of disorder and the binding 
site in DLC itself is found near coiled-coil regions or other dimerisation domains. It has 
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been found that binding partners of LC8 DLCs exists as homodimers suggesting dimer-
dimer complexes are formed (Rapali et al., 2011a). LC8 DLC interaction partners have 
been distinguished by two binding motifs, being [KR]XTQT and GIQVD, although some 
binding partners have been found to differ from these motifs (Rapali et al., 2011a). From 
41 known binding partners Rapali, et al. (2011) described an LC8 DLC binding motif, 
[DS]KX[TVI]Q[TV][DE] (Rapali et al., 2011a). 
 
LC8 DLCs are found as interacting partners of other protein complexes, notably myosin V 
and neuronal nitrate synthase, indicating that the molecules have a number of functions 
independent of dynein complexes (Mohan and Hosur, 2009). When LC8 DLCs are not 
associated with the dynein complex, the molecule appears to act as a hub protein thought 
to interact with a diverse range of proteins (Rapali et al., 2011a). The sequences of hub 
proteins and their potential interacting partners reveal many regions of intrinsic disorder 
and it is thought that these regions allow the hub proteins to bind to a large number of 
protein partners (Barbar, 2008; Benison et al., 2008). LC8 DLCs have been found to be a 
part of a wide variety of biological processes including apoptosis, DNA repair, 
transcriptional regulation, nuclear transport, viral infection and cancer development (Rapali 
et al., 2011a).  
 
1.8.4.2 LC7 family of DLCs 
LC7 DLCs (Roadblock, DYNLRB) are well conserved throughout many phylogenetic 
clades. These DLCs are approximately 99 amino acids in length and contain conserved 
domains, known as Roadblock domains (Pfister et al., 2006). LC7s belongs to a 
superfamily and are found in Archea and bacteria and have a role in regulation of NTPase 
activity. LC7 binds to DIC but the binding site is distinct to that of LC8 and Tctex (Susalka 
et al., 2002). In addition, the structure of LC7 differs to that of LC8 and Tctex (Hall et al., 
2010). 
 
Like the other DLCs, LC7 has been implicated in cellular roles independent of the dynein 
complex. LC7 has been said to have a role in interactions between the Rab6 family of 
GTPase regulators, the human reduced folate carrier and the transforming growth-factor-
beta (TGF-beta) receptor complex. In addition, LC7 mutations and changes in LC7 
expression have been linked to ovarian and hepatic cancers. These suspected 
interactions, however, have not been characterised fully (Hall et al., 2010).  
 
Chapter 1 
16 
Two isoforms of LC7 are known, referred to as LC7a and LC7b (Pfister et al., 2006). In 
Chlamydomonas the two isoforms have distinct functions, with LC7a involved in axonemal 
outer arm assembly and LC7b associated with dynein regulatory molecules (Pfister et al., 
2006). The two isoforms of LC7 have been identified in mammalian cytoplasmic dynein but 
it is currently unknown if they, together or separately, are present in axonemal dynein. 
Both isoforms of LC7 exist as homo- and hetero-dimers that associate with the 
cytoplasmic dynein complex in mammals (Pfister et al., 2006).  
 
1.8.4.3 Tctex family of DLCs 
Tctex DLCs are the largest of the DLCs present in dynein complexes, being approximately 
113 amino acids in length. Along with LC8, Tctex binds to the N-terminus of DIC in the 
dynein complex (Pfister et al., 2006). It has been shown that Tctex is a binding partner for 
many cellular proteins. It has been suggested that this DLC might bind specific proteins or 
cellular components to cytoplasmic dynein. Two Tctex isoforms have been identified in 
cytoplasmic dynein complexes, Tctex1 and Tctex3. In addition, Tctex2 is a part of 
axonemal dynein complexes and is distantly related to cytoplasmic Tctex DLCs (Pfister et 
al., 2006). 
 
There are two Tctex proteins in a dynein complex and the two dimerise in a manner similar 
to LC8 DLCs. Studies performed in Drosphila show that Tctex1 is not essential for 
cytoplasmic dynein function. Drosphila mutants displayed sperm motility defects which 
suggests this DLC may have a role in axonemal dynein function (Pfister et al., 2006). 
Tctex3 is closely related to Tctex1 and to date no exclusive binding partners have been 
found. There is also no evidence that Tctex3 is a part of axonemal dynein (Pfister et al., 
2006). 
 
1.8.5 Dynactin 
The cytoplasmic dynein complex interacts with many proteins that do not belong to the 
complex but are essential for function and regulation of dynein and are generally called 
dynein adaptor proteins. Some of these proteins have been characterised, among them 
dynactin. The inhibition or depletion of the dynein adaptor proteins results in similar effects 
to knocking out the dynein complex itself (Kardon and Vale, 2009).  
 
The dynactin complex is comparable in size to the cytoplasmic dynein, being 
approximately 1 Mda and consists of 11 subunits (Kardon and Vale, 2009). Dynactin is an 
activator of dynein-mediated minus end-directed transport in vitro. In addition, dynactin is 
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essential for nearly all cellular functions of cytoplasmic dynein characterised to date. 
Dynactin helps to target dynein to specific cellular locations, links dynein to cargos and 
increases dynein processivity along microtubules. However, how these activities are 
integrated is unknown (Kardon and Vale, 2009).  
 
Even though dynein moves toward the minus-end of a microtubule, it accumulates at the 
plus-end and dynactin modulates this localisation. This relationship has been 
characterised in yeast, but in metazoans the relationship is less clear. In these higher 
organisms dynactin and dynein are thought to be important for cargo loading and initiation 
of dynein transport (Kardon and Vale, 2009). 
 
1.9 Other molecular motors 
There are three major molecular motors found in eukaryotic organisms, including 
cytoplasmic dynein, discussed extensively above, kinesin and myosin. Of these three, 
dynein is the largest complex, consisting of numerous subunits (see section 1.8). Dynein 
complexes move along microtubules toward the minus end, while kinesin complexes move 
towards the plus end. Myosin moves along actin filaments toward the plus (or the barbed) 
end except for one myosin that moves toward the minus (pointed) end (Akhmanova and 
Hammer, 2010). Cells have the ability to co-ordinate the function of all three motor 
complexes (Vale, 2003). 
 
1.9.1 Kinesin 
Currently, 15 kinesin families are described, and these belong to three groups. The three 
groups differ in terms of the position of their motor domain (Hirokawa et al., 2009). Most 
kinesin complexes have two motor domains formed by a tetramer consisting of a 
homodimer of two kinesin heavy chains. Two identical kinesin light chains in the kinesin 
complex contribute to kinesin regulation and cargo attachment (Marx et al., 2009).  
 
1.9.2 Myosin 
The best known myosin is involved in the contraction of muscle (known as a conventional 
myosin), however myosin does have a multitude of roles outside of the muscle (known as 
unconventional myosins) (Wu et al., 2000). A range of structurally distinct myosin families 
have been identified and can be placed into 14 classes (Espindola et al., 2000). Each 
myosin has a defining heavy chain that contains a conserved motor domain, a regulatory 
domain and a tail domain that varies in structure and size (Espindola et al., 2000). The 
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neck domain of each myosin also varies in size and contains a myosin light chain binding 
site.  
 
1.10 Schistosome molecular motors 
A keyword search of the S. mansoni genome database (http://www.genedb.org/ 
Homepage/Smansoni) using the search term “dynein” on 13 December 2013 retrieved a 
total of 52 genes. Homologues of all known dynein subunits were retrieved, except for 
DLIC. However, this could be due to the incorrect naming of genes, as DLIC have only 
recently been defined as a separate dynein subunit (Pfister et al., 2006). DLCs have been 
shown to bind the DIC in the dynein complex (Harrison and King, 2000). The keyword 
searches of the S. mansoni genome database revealed that five DIC homologs, two of 
which were most similar to cytoplasmic DICs and three that were most similar to axonemal 
DICs; whether these are full length sequences is unknown. DLCs bind to DICs via a 11 
residue sequence that contains the motif K/RXTQT (Lo et al., 2001). The S. mansoni 
sequences contain this motif, except for 2 of the axonemal homologues. Some of the 
sequences searched may not represent full length sequences, and therefore not include 
the motif. These data together suggest that schistosome parasites have similar dynein 
complexes to other organisms and may use dynein complexes for cellular transport. 
 
1.10.1 Schistosome DLCs 
Schistosomes express a range of DLCs belonging to different DLC families. Two 
schistosome LC8 DLCs, DLC1 and DLC5 have been shown to be abundant in, and 
specific to, the adult stage tegument cytoplasm (Zhang et al., 2005). A number of research 
groups have analysed the tegument of schistosomes using a variety of proteomic 
techniques, with a particular focus on the proteins found in the apical plasma membrane 
complex (Braschi and Wilson, 2006; Mulvenna et al., 2010a; van Balkom et al., 2005). It is 
highly likely that these studies have failed to identify all dynein complex subunits or 
microtubules in the tegument. While the DLCs are abundant, with no evidence of typical 
dynein subunits in the tegument, it is postulated here that LC8 DLCs may be components 
of macromolecular complexes other than dyneins. Furthermore there is no evidence that 
schistosome tegumental LC8s can bind to typical dynein complexes. 
 
One DLC, SjDLC1, is highly expressed in the tegument of cercariae, and is situated 
immediately beneath the surface membrane in S. japonicum (Zhang et al., 2005). 
Furthermore, SmDLC1, the orthologue in S. mansoni, is upregulated 5-fold during cercarial 
transformation, indicating its importance during the early stages of host invasion and 
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surface remodelling (Gobert et al., 2010). In adult worms, SjDLC1 was found to co-localise 
with the host-adapted surface membrane of the tegument, strongly implicating its role, as 
part of a larger complex in surface membrane dynamics of the schistosome tegument. The 
high expression of SmDLC1 in the cercarial tegument during transformation may indicate 
that these DLCs are primed for action to participate in surface remodeling. Thus, activity of 
the schistosome DLCs are crucial for host establishment by assisting in remodeling the 
parasite tegument. 
 
1.10.2 Schistosome tegument allergen-like antigens 
While the binding affinity of schistosome DLCs is poorly known, there are data to suggest 
that a LC8 DLC binds to unique components of the schistosome tegument, tegument 
allergen-like antigens (TALs) (Hoffmann and Strand, 1996; Hoffmann and Strand, 1997). 
These molecules are strongly associated with the schistosome tegument (Fitzsimmons et 
al., 2007). The TALs are a family of 20-23 kDa molecules with no clear homology outside 
of the phylum Platyhelminthes (Jones et al., 2004). TALs are distinguished by a C-terminal 
DLC-like domain and two N-terminal EF-hand motifs (Fitzsimmons et al., 2012). TALs 
have a proven role in parasite-specific T-cell immune responses, and induce a strong IgE 
response in humans and experimental animals (Fitzsimmons et al., 2007; Webster et al., 
1996). In S. mansoni the TALs named by their molecular weight, Sm20.8, Sm21.7 and 
Sm22.6, are well characterised (Francis and Bickle, 1992; Hoffmann and Strand, 1997; 
Jeffs et al., 1991; Mohamed et al., 1998; Webster et al., 1996). Recently, another TAL, 
Sm21.6, was identified (Lopes et al., 2009). A total of 13 TALs have been found in the S. 
mansoni genome each having a different life cycle expression pattern and antibody 
responses (Fitzsimmons et al., 2012).  
 
The biological function of TALs in schistosomes is unknown. As the proteins contain an 
EF-hand motif, it was expected TALs would act as other calcium binding EF-hand 
antigens. However, Sm20.8 and Sm21.7 do not bind calcium experimentally (Francis and 
Bickle, 1992; Mohamed et al., 1998). It is not known if any other TALs have the ability to 
bind calcium. 
 
1.10.3 Schistosome kinesin and myosin 
Mice exposed to radiation-attenuated S. mansoni cercariae are extremely resistant to 
subsequent rechallenge infections. Antigens recognised by the sera of these mice are 
potential anti-vaccine targets. A 200 kDa glycoprotein was identified and a 62 kDa 
fragment which encodes part of the myosin β-heavy chain, designated IrV-5, has been 
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used to perform vaccination studies in mice (Dalton and Strand, 1987). Various 
formulations of IrV-5 were tested and produced 15-83% protection, as reflected in the 
reduction of adult parasites (Soisson et al., 1992). Recombinant IrV-5 was localised to the 
surface of the schistosomula (Soisson et al., 1992). Additionally, screening of S. mansoni 
anti-tegument sera against a S. haematobium cDNA library revealed interaction with a 
myosin heavy chain fragment identical to IrV-5 (Githui et al., 2009). The localisation of 
myosin outside of muscle is controversial (Skelly and Wilson, 2006), but its identification in 
the tegument may suggest that unconventional myosin complexes have a role in cellular 
transport in the tegument. 
 
A keyword search of the S. mansoni gene database (http://www.genedb.org/ 
Homepage/Smansoni) was performed using “kinesin” and “myosin” keywords on 13 
December 2013. A total of 30 and 24 genes were retrieved for kinesin and myosin, 
respectively. Both kinesin heavy chains and kinesin light chain homologues were 
identified. Myosin homologues from at least five classes were identified. The myosin 
homologues most likely have a role in schistosome muscle contraction. In addition, 
homologues from unconventional myosin V are present indicating that both myosin and 
kinesin may play roles in cellular transport in schistosomes.  
 
1.11 Tetraspanins 
Tetraspanins (TSPs) are a family of proteins of molecular facilitators that interact with 
numerous partnering proteins by forming so called “tetraspanin webs” (Boucheix and 
Rubinstein, 2001; Charrin et al., 2009). TSPs interact at the cell membranes and have had 
many varied roles proposed for them. Thus, TSPs are thought to contribute to the 
maintenance of cell morphology, motility, invasion, fusion and signalling (Hemler, 2005). A 
role for the CD9 TSP in sperm-egg fusion has been well defined in mice (Charrin et al., 
2009; Lefèvre et al., 2010). TSPs have roles in the immune system including lymphocyte 
activation, cancer metastasis and infectious diseases including interactions between host 
and HIV, Hepatitis C Virus and Plasmodium species (Charrin et al., 2009). Knockdown of 
TSP genes in organisms leads to distinct pathologies (Charrin et al., 2009). Recently it has 
been suggested that TSPs play a key role in the formation and budding of small vesicles 
called exosomes. A large quantity of TSPs are released from the cell in exosomes 
(Hemler, 2003; Kitadokoro et al., 2001; Lakkaraju and Rodriguez-Boulan, 2008; Zoller, 
2006), and it has been suggested that TSPs orchestrate changes in the plasma membrane 
leading to the formation and budding of exosomes from the cell (Rana and Zoller, 2011). 
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A major feature of TSPs is their ability to interact with an array of proteins to complete the 
TSP web. The proteins associated with TSPs have been placed into four groups; the 
integrins and other adhesion molecules, proteins with immunoglobulin domains, ecto-
enzymes and intracellular signalling molecules (Rubinstein, 2011). The interactions in the 
TSP web are considered in two levels. Primary complexes form between TSPs and a 
limited number of proteins (Rubinstein, 2011). Protein interactions between partners of a 
certain TSP and other TSPs form secondary interactions (Charrin et al., 2009). Although 
the idea of a TSP web is well recognised, the size and composition of these webs is not 
known.  
 
Members of the TSP family have a small size, consisting of typically 204 to 355 amino 
acids, and share conserved features unique to this family of proteins. The primary 
distinguishing feature is the presence of four membrane-spanning domains with one 
intracellular and two extracellular loops (Charrin et al., 2009). The first and smallest 
extracellular loop is less than 30 amino acids and the second and largest extracellular loop 
is typically 76-131 amino acids (Charrin et al., 2009). Structural information about TSPs is 
limited. Before this thesis, the only structure known for any TSP was a crystal structure of 
the CD81 TSP large extracellular loop (Kitadokoro et al., 2001). The large extracellular 
loop contains three constant regions and one variable region. The variable region contains 
all known protein interaction sites and conserved motifs including a CCG motif and an 
additional two conserved cysteine residues that form crucial disulphide bonds in the large 
extracellular loop (Hemler, 2005).  
 
1.12 Schistosome tetraspanins 
A family of TSPs have been consistently found enriched on the apical tegument 
membranes of S. mansoni (Braschi et al., 2006a; Braschi and Wilson, 2006; Castro-
Borges et al., 2011; van Balkom et al., 2005). Of these, SmTSP-2 has been proposed as a 
leading vaccine candidate against human schistosomiasis (Loukas et al., 2007; Tran et al., 
2006). Mice vaccinated with recombinant SmTSP-2 large extracellular loop showed a high 
efficacy with significant reductions in adult worm burden, liver egg burden and fecal egg 
counts (Tran et al., 2006). Knockdown of SmTSP-2 in schistosomula and adult worms 
resulted in morphological changes in the tegument, most notably inducing a highly 
vacuolated, but thinner tegument, suggesting a role of the TSPs in surface membrane 
processing (Tran et al., 2010). In view of the important function of TSPs in schistosome 
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biology and host interactions, elucidating the interacting partners of the schistosome TSP 
web will provide insights into the function of TSPs within the tegument. 
 
1.13 Schistosome tegumental proteome 
The proteome of the schistosome tegument is an important area of research, as this 
knowledge will identify suitable vaccine targets and will also provide information about the 
biology of the tegument. Recent studies have aimed to identify proteins in the tegument by 
isolation, enrichment and labeling methods followed by tandem mass-spectrometry 
(Braschi et al., 2006b; Mulvenna et al., 2010a; Pérez-Sánchez et al., 2006; van Balkom et 
al., 2005). These studies provided information of the proteins found in the tegument but do 
not provide a localisation for these proteins within the tegument. Braschi and Wilson 
(2006) addressed this issue by labelling tegument proteins with short and long forms of 
biotin with the aim that the short form would only label more intrinsic proteins. 
 
With this wealth of tegumental protein data, it is still largely unknown how these proteins 
interact and what roles they play in tegument biology. The next step is to determine the 
“interactome” of the tegument which will provide information about the large number of 
protein-protein interactions in the tegument. Although it has been shown that tegument 
proteins are numerous there are some issues with protein identification that needs to be 
kept in mind. The in situ identification of tegument proteins on sections of worms may not 
be exposed in the intact living worms. Potential damage may occur to the tegument during 
the recovery of worms from their host, and this may disrupt the normal structure of the 
worms resulting in the exposure of underlying proteins (Skelly and Wilson, 2006). The 
various reports of schistosome tegumental proteins (Braschi et al., 2006b; Mulvenna et al., 
2010a; Pérez-Sánchez et al., 2006; van Balkom et al., 2005) demonstrate a high degree of 
variability between studies, indicating that any apparent protein composition may be 
influenced by specimen handling and identification methods used.  
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1.14 Hypothesis and aims 
1.14.1 Hypothesis 
Dynein light chains, tegument allergen-like antigens and tetraspanins that are expressed in 
the tegument of schistosome parasites of humans are part of molecular complexes directly 
linked to the movement, development and renewal of the host-interactive surface 
membrane of schistosomes 
 
1.14.2 Aims 
1. Define the subcellular distribution of schistosome tegumental molecules and their 
molecular ligands during host invasion by juvenile parasites through development. 
2. Identify the “interactome” of important tegumental molecules of Schistosoma mansoni  
3. Elucidate the roles of SmDLCs and SmTALs in the tegument. 
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Chapter 2 
Tetraspanin-2 localisation in high pressure frozen and freeze-substituted 
Schistosoma mansoni adult males reveals its distribution in membranes of 
tegumentary vesicles 
 
This chapter is based on a paper arising from my thesis research. This paper has been 
published in International Journal for Parasitology, 2013. 43, 785-793 and the published 
version is presented in Appendix 1. 
 
2.1 Introduction  
Schistosomes are a major cause of morbidity and mortality in humans, particularly in 
developing and tropical nations. Adult worm pairs are found in the mesenteric veins of their 
hosts, where female worms produce hundreds to thousands of eggs per day (Gryseels et 
al., 2006). For Schistosoma mansoni and S. japonicum to continue the life cycle, their 
eggs must pass through the host tissues into the lumen of the intestine and pass with 
faeces into fresh water. Most of the pathology of hepato-intestinal schistosomiasis 
develops when eggs are flushed to organs, typically the liver, where they become lodged 
and induce an intense granulomatous response. Although the adult worms themselves do 
not induce host immunological reaction, their longevity in the human host and the eggs 
they produce, both contribute to the chronic pathology of this disease. 
 
The tegument, or body wall, of schistosomes is the primary interface for host-parasite 
interactions. This layer fulfils a variety of biological roles for the parasite (Gobert et al., 
2003; Jones et al., 2004; Loukas et al., 2007). The tegument is a syncytial layer 
encapsulating the entire parasite. Upon entry into the definitive mammalian host, the 
tegument transforms from a layer that is adapted to the external aquatic environment of 
the infectious cercaria, into a host-adapted form of the parasitic adult worm (Hockley, 
1973). The cellular aspects of the change involve the replacement of the unilaminate and 
glycocalyx-adorned apical membrane of the cercaria with the dual membrane complex of 
the adult (Gobert et al., 2003). Over the life of the adult worm the tegument undergoes 
constant renewal. Although the exact molecular adaptations orchestrating surface renewal 
are unknown, it is thought to occur by membrane shedding and sloughing (Skelly and 
Wilson, 2006). 
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The tegument is commonly thought to be the primary target for anti-schistosome vaccines 
with many tegumental antigens showing high efficacy in experimental vaccine trials in 
animal hosts (Cardoso et al., 2008; Loukas et al., 2007; Tran et al., 2006). Through the 
application of various proteomics methods, the protein composition of the tegument is well 
understood (Braschi et al., 2006a; Mulvenna et al., 2010a; Pérez-Sánchez et al., 2006; 
van Balkom et al., 2005; Wilson, 2012), but the exact functions of these highly abundant 
proteins and organelles are mostly unknown. Among these components, a family of 
tetraspanins have shown promise as candidates against S. mansoni, but not S. japonicum, 
infections (Pearson et al., 2012; Tran et al., 2006; Zhang et al., 2011).  
 
Tetraspanins are plasma membrane-bound proteins. The hallmark feature of this family is 
the presence of four transmembrane regions with two extracellular loops. The first and 
smaller extracellular loop (ECL1) contains less than 30 amino acids and the second and 
larger extracellular loop (ECL2) consists of 76-131 amino acids (Charrin et al., 2009). The 
proposed roles of tetraspanins are many and varied, but exact functions are not fully 
understood. Tetraspanins have been found on the membranes of mammalian exosomes, 
small membranous vesicles that have roles in cell communication and transport of 
selected proteins, mRNAs and microRNAs (Rana and Zoller, 2011). Tetraspanins also 
form “tetraspanin webs” or tetraspanin-enriched domains and thus interact with a wide 
variety of proteins (Boucheix and Rubinstein, 2001; Rubinstein, 2011). 
 
One important protein of the schistosome tegument is S. mansoni tetraspanin-2 (SmTSP-
2). Vaccine trials using SmTSP-2 in mice have shown consistently strong protection using 
either fusion protein or non-conjugated peptides (Pearson et al., 2012; Tran et al., 2006). 
However, little is known of the biological role of this molecule in the tegument. In order to 
better understand this, localisation of this molecule beyond conventional fluorescence is 
necessary. Subcellular localisation by immuno-transmission electron microscopy (I-TEM) 
would be an ideal tool to define the ultrastructural localisation of the molecule, but to date 
this approach has been hampered by two problems. The first is that SmTSP-2 loses 
antigenicity during the processing required for resin sections or frozen sections traditionally 
used for I-TEM. We reason that this has arisen because of the susceptibility of antigenic 
sites in SmTSP-2 to paraformaldehyde fixation (Tran et al., 2006). The second is that 
standard resin used for I-TEM does not preserve membrane structure (Griffiths et al., 
1993). This latter problem is a major consideration in the membrane rich tegument as the 
fine detail of molecular location cannot be reliably mapped if not adequately preserved. 
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Here we report on the use and validation of a method for preparing adult schistosome 
worms, which ensures improved antigenicity and retention of surface membrane proteins 
such as SmTSP-2. This involved the combination of the preparative methods of high 
pressure freezing (HPF) for electron microscopy and cryosubstitution in uranyl acetate 
solutions. This method follows ultrastructural investigations characterising eggs of 
S. japonicum (Jones et al., 2008), and the human liver fluke Opisthorchis viverrini 
(Khampoosa et al., 2012) and I-TEM studies of the taeniid tapeworms Taenia ovis (Jabbar 
et al., 2010b). This method, applied here to whole adult S. mansoni worms, allows for 
superior membrane preservation and successful localisation of a variety of proteins. 
SmTSP-2, which, as noted, is aldehyde sensitive (Tran et al., 2010; Tran et al., 2006), 
labelled strongly on sections prepared by this method, enabling us to define its sub-cellular 
location in the tegument of adult male worms. We also describe the improved resolution of 
morphological features of the male tegument after cryosubstitution, employing methods of 
electron tomography to visualise membrane interactions.  
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2.2 Materials & Methods 
2.2.1 Life cycle maintenance  
The Puerto Rican strain of S. mansoni is maintained in ARC Swiss mice and Biomphalaria 
glabrata snails at the Queensland Institute of Medical Research (QIMR) from stocks 
originating from the National Institute of Allergy and Infectious Diseases Schistosomiasis 
Resource Centre, Biomedical Research Institute (Rockville, Maryland, USA). Schistosoma 
mansoni is maintained at QIMR under permit from the Australian Department Agriculture, 
Fisheries and Forestry Biosecurity (DAFF). For cryopreparation, mice were transferred to 
the Centre for Microscopy and Microanalysis Laboratories in the Queensland Biosciences 
Precinct under permit from DAFF. All animal work in this study was approved by the 
Animal Ethics Committee of QIMR (Project Number P1289) and the Animal Welfare Unit of 
The University of Queensland. Adult worms at six weeks post infection were perfused from 
these mice into perfusion buffer containing 145 mM NaCl (w/v) and 60 mM sodium citrate 
(w/v) prior to cryofixation. This buffer is used because it preserves the ionic balance of 
tissues in culture.  
 
2.2.2 Cryopreparation 
Adult parasites were transferred to copper membranes (Leica Microsystems, Wetzlar, 
Germany), flooded with a 20% bovine serum albumin (Fraction V, w/v) in PBS and 
transferred immediately to the specimen chamber of a Leica EM PACT2 High Pressure 
Freezer (Leica Microsystems). One parasite only was added to a single membrane. The 
albumin acts as a cryoprotectant and is present at the surface of the parasites for less than 
one minute. After high-pressure freezing, samples were transferred in cryotubes under 
liquid nitrogen to a Leica EM AFS freeze-substitution apparatus (Leica Microsystems) for 
fixation and dehydration in (a) 2% (w/v) osmium tetroxide and 0.5% uranyl acetate (w/v) in 
100% anhydrous acetone, or (b) in 0.2% uranyl acetate (w/v) and 5% water in acetone. 
For samples substituted in osmium tetroxide, the tissues were cryosubstituted for 3 days, 
according to the following protocol. The temperature of the substitution chamber was 
increased from -160°C to -85°C over a 2 hour period and maintained at -85°C for 48 
hours, after which the samples were brought to room temperature. The fixative solutions 
were then replaced with anhydrous acetone corresponding to the fixation conditions at 
room temperature. After further changes of acetone osmium-fixed samples were infiltrated 
with Epon resin (ProSciTech). Final infiltration of resin was facilitated in a Pelco 34700 
Biowave Microwave Oven (Ted Pella Inc.) following Khampoosa et al, (2012). Uranyl 
acetate fixed samples in acetone were transferred to Lowicryl HM20 resin (ProSciTech) at 
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-20°C and the resin polymerised under UV light at -20°C in the cryosubstitution apparatus. 
Ultrathin sections (60 nm) were cut onto formvar-carbon coated copper slot grids. 
Unstained sections were examined in a JEM1011 transmission electron microscope 
equipped with an Olympus Morada side-mounted digital camera (Olympus, USA).  
 
2.2.3 Electron tomography 
For electron tomography, 300 nm thick sections of uranyl acetate fixed and Lowicryl-
embedded worms were cut using Leica EM UC6 ultramicrotome (Leica Microsystems). 
Dual-axis tilt-series data was collected on an FEI Tecnai F30 FEG-TEM (FEI Company) 
operating at 300 kV, over a tilt range of +/-66º at 1.5º increments (a-axis) and 3º 
increments (b-axis), using SerialEM software (Mastronarde, 2005). Tilt-series were 
reconstructed with the R-weighted back projection algorithm using IMOD/Etomo software 
(The Boulder Lab for 3D Electron Microscopy, USA) as described (Kremer et al., 1996). 
Segmentation was also done using IMOD software, specifically with "Drawing Tools" and 
"Interpolator", as described (Noske et al., 2008). 
 
2.2.4 Ultrastructural localisation 
Indirect immunocytochemistry was used to localise a series of molecules within the 
tegument of adult male S. mansoni worms. All incubation steps were performed at room 
temperature on 10-20 μL drops on plastic laboratory film. Sections were wet by placing 
grids onto drops of 1x PBS for 5 minutes. Sections were then incubated in blocking buffer 
(0.2% BSA, 0.2% fish-skin gelatin (Sigma), 20mM glycine, 20% PBS in H2O) for 15 
minutes. Sections were then incubated in primary antisera in blocking buffer for 30 
minutes. The following primary sera were used: a pre immune rabbit sera diluted 1:100-
1:200 as a negative control; mouse anti-alpha smooth muscle actin (Biocare Medical) 
diluted at 1:100 as a positive control, and rabbit anti-serum raised against the ECL2 of 
SmTSP-2 (Tran et al., 2010; Tran et al., 2006). Following 3 washes of 5 minutes each in 
blocking buffer, the sections were incubated in Protein A Gold (10 nM gold particle size) 
diluted 1:60 in blocking buffer for 30 minutes. Sections were washed 3 times in 5 minute 
changes of PBS, followed by 4 washes in milliQ water of 5 minutes each. Unstained 
sections were imaged in a JEM1011 transmission electron microscope using an 80 kV 
accelerating voltage.  
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2.3. Results 
2.3.1 Morphology of tegument 
Here, we describe a method for preparation of adult schistosome tissues for transmission 
electron microscopy using HPF to cryopreserve the parasites and two methods of 
cryosubstitution for comparative morphology. Cryosubstitution in osmium tetroxide 
primarily allows for morphological observations, although osmium-fixed material can be 
used for lectin immunocytochemistry for carbohydrate localisation (Jones et al., 2008). 
Uranyl acetate cryosubstitution was used here for both morphological and 
immunocytochemical analyses of tissues.  
 
Cryopreservation of adult S. mansoni tissue after HPF was remarkably effective, although 
damage due to hexagonal ice formation was apparent (not shown) in some regions of the 
worms. Such damage, when it occurred, caused disruption of membranes and swelling of 
organelles, such as myofibrils. Sections exhibiting these disruptions were excluded from 
further investigation. In other regions, ice crystal damage was restricted to the formation of 
cubic or vitreous ice (Griffiths et al., 1993), smaller ice particles that do not disrupt cellular 
structure and enable recognition of all cytoplasmic features of the tegument (Figure 2.1 to 
2.6).  
 
2.3.2 Osmium cryosubstitution  
Slight ultrastructural variation was observed in the morphology of the tegument between 
the two methods of cryopreservation (Figure 2.1 and 2.2). In osmium cryosubstituted 
specimens, the tegument was adorned with a flocculent material, which is likely to be BSA 
used to enrobe the parasites prior to cryosubstitution. The apical membrane of the 
tegument did not appear as a dual membrane structure, consistent with a fixation protocol 
that excludes uranyl acetate en bloc staining (Hockley, 1973). The surface membrane thus 
consistently appeared as a single membrane with a distinct membranocalyx (Figure 2.1). 
The tegument was marked by abundant surface invaginations, some of which appeared to 
contain minute vesicles close to the invaginated membrane (Figure 2.1A inset). 
 
Worms were placed into the cryofixation holders in a spiral form. Interestingly, focal points 
of adhesion were evident in the apical membrane of the tegument where different parts of 
a parasite were pressed together (Figure 2.1B). Similar adhesion sites have been seen in 
male-female interactions and may have implications for parasite signalling. Surface 
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invaginations were abundant and were filled with the same flocculent material as seen on 
the parasite surface.  
 
Cytoplasmic inclusions of the tegument appeared as described for conventional EM 
methods (for example (Gobert et al., 2003)) with abundant elongate bodies and spherical 
multilaminate vesicles (Figure 2.1). The elongate bodies were seen in close proximity to 
the surface invaginations or inclusions (Figure 2.1A). The basal membrane was clearly 
demarked with numerous infoldings. Ballooning of the basal invaginations were observed 
in some sections (Figure 2.1A). These vacuoles appear in the tegument of worms that 
have likely experienced prolonged incubation in buffer and is a common feature in 
cultivated adult schistosomes. The basal lamina was a well-defined fibrillar layer (Figure 
2.1A, 2.1B), clearly demarked from the overlying tegumentary cytoplasm and musculature 
layers. 
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Figure 2.1. Transmission electron micrographs of osmium fixed tegument of an adult male 
S. mansoni worm. A. Details of tegument lining and musculature. The apical membrane 
has a fibrillar coat, possibly arising from incubation of the parasite in BSA prior to freezing. 
A surface invagination is evident (arrow). Note the vacuoles formed from the basal 
membrane. Inset. A surface invagination of the tegument, showing vesicles (arrow) within 
the lumen. B. Zones of contact between different portions of the tegument. The apical 
membrane forms points of focal adhesion. C. Two regions of the male tegument. 
Abbreviations: AM - apical membrane; BL - basal lamina; My - myofibril; PAR - 
cytoplasmic processes of parenchymal cells; Teg - tegument cytoplasm; V - vacuoles.  
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2.3.3 Uranyl acetate cryosubstitution  
In sections, the tegument appeared as described (Figure 2.2 to 2.6), but with some minor 
variations. The variations are attributed to the different reactivity of uranium salts with 
tissues in cryosubstitution solvents. The dual nature of the apical membrane was clearly 
evident (Figure 2.2). On many occasions, a thin membranous material was seen slightly 
separated from the surface membrane, but tracing its shape (Figure 2.2, 2.4, 2.5, 2.6). At 
times, an external membranous material appeared to trace the outline of the parasite 
membrane. This layer was interpreted to be the membranocalyx of the surface membrane.  
 
The tegument appeared typical of schistosomes. All internal membrane bound organelles 
had well defined external membranes and typical structures of the tegument, including 
surface invaginations, elongate bodies, multi-laminate vesicles, and components of the 
basal membrane were clearly evident and easily distinguished (Figure 2.2). The general 
cytoplasm of the tegument in uranyl acetate fixed parasites had a more granular ground 
substance, which led to a reduction in overall contrast of the sections (compare Figure 2.2 
and Figure 2.1). However this reduced contrast did not affect visualisation of colloidal gold 
particles, particularly in regions where the particles were found in proximity to membrane 
structures (Figure 2.5 and 2.6). The basal lamina was well defined (Figure 2.4B).  
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Figure 2.2. Transmission electron micrographs of uranyl acetate fixed tegument of an adult 
male S. mansoni worm. A. General view of tegument. Note the thin membrane-like 
structure at the surface of the tegument (arrows). B. Region of spines in the tegument. The 
thin membranous material is present (arrows). C. Region showing abundant surface 
invaginations. Note the membranocalyx at the surface of the tegument (arrows) and in 
surface invaginations. Abbreviations: AM - apical membrane; My - myofibril; SI - surface 
invaginations, SP - spine.  
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2.3.4. Organellar transport revealed by cryopreparation and tomography 
Dual-axis tilt-series of 300 nm thick sections of uranyl acetate substituted males was 
performed to prepare a series of images for construction of an electron tomogram of the 
tegument (Supplementary Movie S1, Figure 2.3). The resulting tomogram consists of a 
movie showing the relationship of various membrane structures, followed by projection of 
the traced membranes in 3-dimensions (Supplementary Movie S1, Figure 2.3). The 
tomogram depiction shows the apical region of the tegument with the surface membrane, 
a surface invagination and organelles including multilaminate vesicles and elongate bodies 
(Figure 2.3). The distinct dual membrane appearance of the surface membrane and 
surface invaginations are clearly evident. Smaller extracellular vesicular compartments are 
evident in the lumen of the surface invaginations (Figure 2.3), suggesting that the parasite 
may externalise some vesicular compartments. Previous studies show that multilaminate 
vesicles fuse with the apical membrane and their released contents forms the 
membranocalyx (Wilson and Barnes, 1974, 1977). Elongate bodies lie in various 
orientations within the tegument, but their long axes are often parallel with the surface 
membrane. The elongate bodies were aggregated around the surface invaginations 
(Figure 2.3), and appeared in tomograms as distinctly oblate spheroid in shape, described 
originally by Hockley (Hockley, 1973).  
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Figure 2.3. Two-dimensional images from electron tomography of the S. mansoni 
tegument. A. and C. Selected bright field images from tilt series showing the tegument in 
different orientations. B and D. Segmentation of the tilt series showing contours of the 
different membrane components. Membranes of the apical membrane and surface 
invaginations are rendered grey, membranes of the elongate bodies are rendered as blue 
and that of a multilaminate vesicle are coloured purple. The full tomogram is available as 
Supplementary Movie S1.  
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2.3.5. SmTSP-2 immunogold localisation 
Sections of male parasites cryosubstituted in uranyl acetate were subjected to indirect 
immunocytochemistry using protein A gold as the secondary label. A non-immune rabbit 
serum, used as the negative control, did not produce observable label on any part of the 
section, resulting only in a few isolated gold particles evident in any field of the tegument 
(Figure 2.4A). Similarly, a non-immune mouse serum did not result in any label of the 
tegument (data not shown).  
 
Since the musculature of adult schistosomes is predominantly a non-striated form, similar 
to smooth musculature of mammals, we reasoned that the myofibrils of actin would cross-
react with antisera raised against mammalian smooth muscle actin (SMA). Indeed, when 
we used this antiserum as a positive control, strong label was evident on the myofibrils 
(Figure 2.4B-D). The anti-SMA serum also resulted in strong labelling of the tegumentary 
spines, structures rich in a form of filamentous actin (Cohen et al., 1982) (Figure 2.4B-D). 
While abundant in the actin-rich matrix of the spines, label was not observed in association 
with the membrane limiting the spine or in association with the terminal web of the 
tegument (Figure 2.4B-D). Actin label was associated with some vacuolar compartments 
arising from the basal plasma membrane of the tegument (Figure 2.4C, 4D) and in focal 
regions associated with surface invaginations of the apical plasma membrane (Figure 
2.4C). 
 
As expected for a membrane-linked protein the localisation patterns of SmTSP-2 were 
strongly membrane associated (Figure 2.5 and 2.6). However, almost no label was 
detected on the apical membrane or membranocalyx or indeed over much of the surface 
invaginations (Figure 2.5 and 2.6). When gold was associated with the surface 
invaginations, the label was invariably associated with the basal regions of the 
invaginations. Gold labelling was strongly associated with the membrane of membrane-
bound organelles in the cytoplasm of the tegument, thereby labelling these structures in a 
circumferential pattern (Figure 2.5 and 2.6). Among the bodies that labelled were 
multilamellar vesicles, vesicles that budded from the surface invaginations and elongate 
bodies. Approximately 60% of elongate bodies were labelled with the SmTSP-2 
antibodies, with usually no more than 1-2 particles per body.  
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Figure 2.4. Immunolocalisation of alpha-smooth muscle actin and rabbit pre-immune sera 
in the tegument of male S. mansoni, prepared by high pressure freezing and 
cryosubstitution with uranyl acetate. A. Pre-immune serum, negative control. Few isolated 
gold particles are seen. B-D. Alpha-smooth muscle actin, positive control. The gold label is 
abundant in known organelles and structure rich in filamentous actin including the spines 
(B-D), in internal membranes subjacent to the surface invaginations (B-arrows)), and 
myofibrils (C, D). Abbreviations: BL - basal lamina; My - myofibrils; SI - surface 
invagination; SP - spine; Teg - tegument.  
Chapter 2 
38 
 
Figure 2.5. Immunolocalisation of SmTSP-2 in the tegument of male S. mansoni, prepared 
by high pressure freezing and cryosubstitution with uranyl acetate. A-C. Different regions 
of the tegument showing predominant label associated with internal membrane 
compartments. Label is not detected in association with the apical membrane or 
membranocalyx. Gold label is found associated with the membrane of vesicles (A-arrows) 
that bud from the surface invagination. However, surface invaginations generally do not 
show high levels of gold label. Abbreviations: SI - surface invagination; SP - spine. 
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Figure 2.6. Immunolocalisation of SmTSP-2 in the tegument of male S. mansoni, prepared 
by high pressure freezing and cryosubstitution with uranyl acetate. Higher magnification 
view showing surface membrane complex and terminal web. Abbreviations: SI - surface 
invagination. 
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2.4. Discussion 
In this study, HPF prior to cryosubstitution with uranyl acetate has been applied 
successfully as a preparation method for I-TEM. This technique produces high quality 
preservation of membranes while allowing for subcellular localisation of parasite antigens. 
Previously, I-TEM of schistosome tegument structures has been performed on aldehyde 
fixed samples, either on resin or as cryosections. One problem we have encountered in 
our studies has been the insensitivity of many antigens to I-TEM, because of the effects of 
aldehyde fixation. Here, we have demonstrated that I-TEM can be successfully performed 
using a combination of cryoprepatation methods and fixation in uranyl acetate. Use of 
cryopreservation methods for ultrastructural studies of parasitic helminths has only 
previously been applied to investigations of eggs, such as those of schistosomes and 
other fluke species and, taeniid cestodes (Jabbar et al., 2010a; Jabbar et al., 2010b; Jones 
et al., 2008; Khampoosa et al., 2012; Świderski et al., 2010). This report constitutes the 
first description of its utilisation in adult schistosomes.  
 
It is important to recognise that uranyl acetate fixation only works well in a cryosubstitution 
protocol. When applied to unfixed biological tissues at room temperature, uranyl acetate 
and acetone will result in severe solubilisation of many components of the samples, 
rendering the sections of poor quality. High-pressure freezing is a method adapted to solve 
the problem of ice crystallisation occurring in native biological tissues when frozen 
(Dubochet, 2007). Prior to the development of high pressure freezing technologies, 
cryopreservation of native (non-cryoprotected) tissues could only be performed 
successfully on small particles. With this method, larger samples can be prepared and we 
show here that the method is applicable to macroscopic parasites, such as adult 
schistosomes. This development should help to bring I-TEM back into the fold of analytic 
tools for cell biological investigations of the tegument.  
 
SmTSP-2 has shown promise as an effective anti-schistosome vaccine target (Tran et al., 
2006). One appealing feature of this antigen is that it is recognised in the sera of naturally 
immune patients, who elicit antibody profiles associated with protective immunity against 
the antigen (Tran et al., 2006). Schistosome tetraspanins, and notably SmTSP-2, are 
thought to be residents of the apical plasma membrane complex of the tegument and 
particularly of the membranocalyx (Wilson, 2012). This expression pattern has been 
predicted through strong tegumentary localisation patterns revealed by 
immunofluorescence in schistosomula and adult worms (Tran et al., 2010; Tran et al., 
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2006), whole mount in situ hybridisation (Cogswell et al., 2011) and proteomic analyses 
(Braschi et al., 2006a; Mulvenna et al., 2010a; Pérez-Sánchez et al., 2006; van Balkom et 
al., 2005; Wilson, 2012). Based on proteomic assessment, Braschi & Wilson (2006) 
predicted that SmTSP-2 would occur along the surface plasma membrane and beneath 
the membranocalyx, a membrane structure depauperate of protein (Braschi and Wilson, 
2006). In a recent review, SmTSP-2 was suggested to be present in the membranocalyx 
(Wilson, 2012). Accordingly, at the outset of this study, we expected that our 
immunolocalisation would reveal strong surface membrane localisation. Surprisingly, our 
data showed that all label was associated with membrane compartments within the 
tegumental matrix and not on the apical surface.  
 
How do we interpret this unexpected result? Positive and negative controls suggest 
efficient labelling in all areas of the tegument and the antisera used for SmTSP-2 detection 
was the same as that used in the original studies by Tran and colleagues (Tran et al., 
2010; Tran et al., 2006). While our data do not show surface labelling as such, what we do 
see is a strong association of SmTSP-2 antisera with tegumentary membrane 
compartments that are linked with the surface membrane, as demonstrated graphically by 
tomographic representation (Figure 2.3). A number of factors could contribute to the lack 
of SmTSP-2 labelling at the tegument apical membranes. Firstly, the interaction of the 
second extracellular loop of SmTSP-2, the region against which the antiserum was raised 
is likely to bind proteins in the host. These bound proteins may thus hinder binding of 
primary antisera in I-TEM and thereby prevent detection with colloidal gold probes. 
However, native SmTSP-2 binds antibodies at the surface of schistosomules (Tran et al., 
2010), indicating that the steric hindrance caused by bound ligands is not a reason for the 
lack of surface membrane-associated label. Secondly, and more likely, the exposure of 
SmTSP-2 on the apical membrane may be a stage-specific phenomenon and a feature of 
the transition of the parasite from a free-living cercaria to the parasitic schistosomula 
stage. This transformation seems to be the phase that is vulnerable to immune attack by 
the host (Dillon et al., 2008; Wilson, 2009). If schistosomula can survive the initial attack by 
the host during the early stages of invasion, they are resistant to subsequent attack. Our 
interpretation, if correct, indicates that cell biological investigation of cercarial 
transformation, studied initially by Hockley and others in the 1970‟s (Hockley and McLaren, 
1973), would help to illuminate how early migrating and skin phase schistosomula can be 
susceptible to immune therapy. Furthermore, detailed I-TEM investigations of these early 
phases, using the methods described here, may help identify new targets for vaccination.  
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Although we did not demonstrate SmTSP-2 localisation at the surface of the tegument, we 
did find the molecule to be abundant in membranous compartments of the adult male 
tegument. Tran and colleagues (2010) demonstrated that RNAi-mediated suppression of 
SmTSP-2 resulted in functional impairment of the tegument of schistosomula of S. 
mansoni. Similarly, a tetraspanin of the human liver fluke Opistorchis viverrini appears to 
have similar roles in the tegument of that species (Piratae et al., 2012). SmTSP-2 is thus 
involved in membrane turnover events, particularly docking and scission events occurring 
at the bases of the surface invaginations of the apical membrane.  
 
We have successfully applied the EM preparation method of high pressure freezing to 
adult schistosomes. This method, when coupled with appropriate fixation methods allows 
for successful localisation of schistosome antigens, and particularly those that are of 
importance in host-parasite interactions. Although we have applied this method to one life 
stage only, the method could equally be applied to investigations of other stages, 
particularly the immune-susceptible skin-phase schistosomula. We envisage that I-TEM 
analysis of these stages by punch biopsy of skin during experimental infections and 
subsequent high-pressure freezing and cryosubstitution may produce high fidelity material 
for future cell biological investigations. This analysis of potentially susceptible parasites in 
native location and near-native state may provide excellent information relevant to early 
host-parasite interaction and may provide better insight into how vaccines may work 
against schistosomiasis.  
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Chapter 3 
Characterisation of Schistosoma mansoni DLCs and TALs in the parasite life cycle 
 
3.1 Introduction 
Some DLCs localise to the apical cytoplasm of the tegument in adult schistosomes 
(Hoffmann and Strand, 1996; Zhang et al., 2005). There is evidence that at least one S. 
mansoni DLC interacts with another dominant antigen of the schistosome tegument, a 
member of the tegument allergen-like antigen (TAL) clade of proteins (Hoffmann and 
Strand, 1996; Hoffmann and Strand, 1997). Based on these earlier studies, and 
knowledge of DLCs generally, it is proposed that schistosome DLCs and TALs have roles 
in tegument transport. There has been no work, however, into the putative motor function 
of these tegument components.  
 
Considerable interest has developed around three tegument TALs, namely, Sm20.8, 
Sm21.7, Sm22.6, but this interest has been directed towards characterisation of host-
parasite interactions and the allergic responses that they induce. Fitzsimmons and 
colleagues showed that a total of 13 TALs are encoded in the S. mansoni genome 
(Fitzsimmons et al., 2012) and suggested that all TALs would have a tegumental 
localisation. TALs are antigens that are recognised by human IgE indicating these 
proteins, especially Sm22.6, are involved in providing immunity to schistosome infection. 
While Sm22.6 generates a strong IgE response, vaccination of mice with a recombinant 
Sm22.6 demonstrated limited protection against challenge infection (Fitzsimmons et al., 
2012).  
 
So far, schistosome DLCs and TALs have been characterised typically in relation to their 
contributions to host immune responses. In this chapter a comprehensive characterisation 
of the cellular activity of S. mansoni DLCs and TALs is presented. The aims of this chapter 
are to: 
 Determine the abundance of DLC and TAL transcripts throughout the schistosome 
life cycle,  
 Define localisation patterns of SmDLC1 and Sm22.6 in the adult male tegument. 
These results together provide greater insights into the function of these genes within the 
long-living adult worm and the parasite through the life cycle. 
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3.2 Materials and Methods  
3.2.1 Selection of genes for the study 
A selection of DLCs and TALs (Table 3.1) was chosen for this study, as these proteins 
have been implicated in transport in the schistosome tegument (Jones et al., 2004). Using 
BLAST (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) the S. mansoni homologues of five 
previously reported S. japonicum DLCs (Yang et al., 1999; Zhang et al., 2005) were 
determined and named SmDLC1-5 following Yang and colleagues (1999). For this study 
SmDLC1 and SmDLC5 were chosen for further investigations as they had proven 
tegument location (Hoffmann and Strand, 1996; Yang et al., 1999). S. mansoni TALs, 
Sm22.6, Sm21.7 and Sm20.8, have been previously reported (Fitzsimmons et al., 2012; 
Fitzsimmons et al., 2007; Francis and Bickle, 1992; Hoffmann and Strand, 1996; 
Mohamed et al., 1998) and were all chosen for further investigation due to their strong 
tegumental association and possible interactions with SmDLCs. 
 
Table 3.1: Details of molecules investigated in this study. 
  Accession Numbers  
Gene Other names NCBI GenBank S. mansoni Genedb 
Sm20.8 TAL3a U872430 Smp_086530 
Sm21.7 TAL2a M67507 Smp_086480 
Sm22.6 TAL1a M29837 Smp_045200 
SmDLC1 Sm10c X98619 Smp_201060 
SmDLC5 SmDLC1a,b,d U55992 Smp_095520 
a) (Fitzsimmons et al., 2012), b) (Fitzsimmons et al., 2007), c) (Kohlstädt et al., 1997), 
d) (Hoffmann and Strand, 1996). 
 
3.2.2 Maintenance of animals and schistosome life cycle 
All work involving the use of animals is covered by animal ethics protocol P1289 at QIMR. 
Animal handling, including infections and necropsies, were performed by an experienced 
research assistant, as required by that protocol. Biomphalaria glabrata snails infected with 
Schistosoma mansoni imported from the National Institute of Allergy and Infectious 
Diseases Schistosomiasis Resource Centre, Biomedical Research Institute (Rockville, 
Maryland, USA), were shed to obtain cercariae. ARC Swiss mice were challenged 
cutaneously with the cercariae and adult worm pairs were perfused 7 weeks later, 
following Narawatna and colleagues (Nawaratna et al., 2011).  
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3.2.3 Distribution of S. mansoni DLCs and TALs in the parasite life cycle 
Stage specific S. mansoni cDNA was a kind gift from Dr Charlene Willis (QIMR Berghofer). 
Total RNA from specific schistosome life cycle stages were isolated by Trizol (Invitrogen) 
and cDNA synthesised using a Whole Transcriptomic kit (QIAGEN).  
 
Real-time PCR was performed to compare the abundance of DLC and TAL transcripts in 
different life cycle stages. Forward and reverse primers (Sigma-Aldrich, Integrated DNA 
Technologies) for each transcript (Table 3.2) were designed to generate a PCR product 
size of approximately 200 bp. All primers were tested in a standard PCR reaction to 
confirm amplification of a PCR product of the correct size prior to use in real-time PCR. 
 
Real-time PCR experiments were performed with S. mansoni DNA segregation ATPase 
(TC15682- Smp176580, Contig809759.1) as a positive control and to construct the 
standard curve, following Gobert and colleagues (Gobert et al., 2010). A non-template 
control was included in all real-time PCR runs. All real-time PCR was performed in four 
technical replicates. 
 
For use in real-time PCR, all cDNA samples were adjusted to 10 ng/µl before adding 5 µl 
to each reaction with 10 µl SYBR Green (Applied Biosystems), 3 µl water and 2 µl of 10 
µM forward and reverse primers (Table 3.2). All real-time PCR reactions were performed 
on a Rotor-Gene 6000 thermal cycler (Corbett Research) and the data was analysed using 
Rotor Gene 6 software (Corbett Research), Microsoft Excel 2007 and Graphpad Prism 
Version 6. 
 
Table 3.2. Primers used for real-time PCR to investigate DLC and TAL gene expression in 
S. mansoni life cycle stages. 
 Primer Pair Sequence (5‟-3‟)  
Gene Forward Reverse 
Sm20.8 GAACCATTTGTACAAGTATTCTTTGCT TTCATGGCTACTGCTTGTGC 
Sm21.7 CCAATGGAAAAATTTATTCAAACTTA AATCCCAAACCACGACAAAA 
Sm22.6 ATGGCAACCGAGACGAAAT CCAAATCCACGACAGAACTC 
SmDLC1 GAACGCAAAGCTGTTATTAAG ACAAGAACGTGCATTCCTCC 
SmDLC5 ACGTAAAGCAGTTATTAAAAATGC AACTTCCAAAATGTCGTCCAA 
TC15682 TGGTGAGGAAACTCGGAGAC CTTCCAAAATGGCCGTGA 
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3.2.4 Recombinant protein production  
Full-length DNA sequences of Sm22.6 and SmDLC1 were amplified by conventional PCR 
using cDNA from S. mansoni adult worm pairs using primers designed so as to incorporate 
restriction enzyme recognition sites (Table 3.3). PCR products were visualised on 1% Gel 
containing ethidium bromide. For SmDLC1, the amplicon was cut from the gel and DNA 
purified using the Qiaquick Gel Extraction Kit (QIAGEN). 
 
Proteins were expressed using PET28a vector (Life Technologies) in BL21 chemically 
competent E. coli cells. Sm22.6 was sub-cloned from TOPO vector (Invitrogen). For 
Sm22.6 and DLC1, DNA was ligated into PET28a vector by adding 1-5 µl 
dephosphorylated linearised pET28a vector, 8-10 µl DNA, 1 µl T4 DNA ligase (NEB), 2 µl 
10x T4 ligase buffer and H2O added to final volume of 20 µl and incubated at 16°C 
overnight.  
 
To transform into BL21 chemically competent E. coli cells 15 µl of ligation reaction was 
added to 200 µl cells then incubated on ice for 30 minutes. The cells were then heat 
shocked at 42°C for 45 seconds and returned to ice for 2 minutes. A volume of 600 µl of 
2YT was added and was shaken horizontally at 37°C for 1 hour. Cells were then spread on 
LB/Kanamycin agar plates and incubated at 37°C overnight. A colony PCR using T7 
promoter/terminator primers was performed to check colonies had the DNA insert of the 
expected size. 
 
Table 3.3. Primers used in conventional PCR to amplify DLC and TAL genes for 
recombinant protein production designed with restriction enzyme recognition site (lower 
case). Restriction endonuclease used is listed in brackets. 
 Primer Pair Sequence (5‟-3‟)  
Transcript Forward (Restriction site) Reverse (Restriction site) 
Sm22.6 
CATAgctagcATGGCAACCGAGAC
GAAATTAAGTCAA  
(NheI) 
GATActcgagTTATTGAGATGGTGT
TCTCCATGC 
(XhoI) 
SmDLC1 
CATAccatggATGGGAGAACGCAA
AGCTGTTATTAAG 
(NcoI) 
GATActcgagACCGGATTTGAAGA
GGAGGAATGCACG 
(XhoI) 
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Confirmation of BL21 E. coli containing the correct sequence was performed by 
sequencing with the Big Dye 3.1 sequencing protocol. Cells that contained the correct 
insert were cultured overnight in 100ml LB containing 50 μg/ml Kanamycin. On the next 
day, 1L of 2YT media was inoculated with 50ml of the overnight culture containing 50 
μg/ml Kanamycin. The media was split into 5x 200ml cultures and shaken at 200 rpm at 
37°C until an OD600 of 0.6 was achieved. Protein expression was induced by adding 200 µl 
of 1M isopropyl-beta-D-thiogalactopyranoside (IPTG) to each culture and induction was 
carried out at 37°C for approximately 5 hours. The cultures were centrifuged at 6000 rpm 
for 20 minutes and the pellet was resuspended in 30ml Resuspension Buffer (50mM Tris, 
3mM MgCl, 300mM NaCl, pH 8.0). The resuspended pellet was stored at -80°C until 
further use.  
 
The cell suspension was thawed slowly and 175ul of 2M Imidazole added. A French Press 
was used to break open the cells, and the cell suspension was passed through the press 
twice at 800-1000 psi. The cell suspension was also sonicated for 2 bursts of 30 sec 
duration. The cell suspension was centrifuged at 8000 rpm for 20 minutes at 4°C and the 
supernatant (soluble protein) transferred to a new tube and bound to 500 l of washed His-
Select Nickel Affinity Gel (Sigma) and incubated at 4°C for 40 minutes or overnight with 
slight agitation.  
 
The bound gel was centrifuged at 500 g for 5 minutes at 4°C and the unbound fraction 
collected. Ten ml of wash buffer (50mM Tris, 300mM NaCl, 5mM imidazole, pH 8) was 
added to the bound gel and lightly shaken at room temperature for 5 minutes. The bound 
gel in wash buffer was added to a purification column (BioRad). Proteins were eluted in 
elution buffer (50mM Tris, 300mM NaCl, pH 5) with concentrations of imidazole ranging 
from 20mM to 250mM in 10x 1ml volumes. Each eluate was fractionated on 15% SDS-
PAGE to confirm abundance and purity of the protein. As proteins had minimal 
contamination they were pooled and applied to a concentrator with 3 kDa cut-off (Millipore) 
until the total volume had reduced to approximately 1.5ml. To determine the concentration 
of the protein by visualisation, a standard of known BSA protein concentration was 
fractionated along with the proteins of unknown concentration. The proteins were dialysed 
into 1x PBS using 3000 MW cut-off snake skin dialysis tubing (Thermo Fisher Scientific) 
proteins in dialysis tubing were soaked in 1x PBS for three changes at 4°C, for two hours, 
then overnight and then a further two hours. 
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3.2.5 Polyclonal antibody production 
Polyclonal antisera against recombinant Sm22.6 and SmDLC1 were raised in rabbits at 
the Institute of Medical and Veterinary Sciences, Adelaide, South Australia, Australia. Pre-
bleed samples were taken before immunisation and stored at -20°C. The standard protocol 
was followed, in which animals were immunised subcutaneously a total of four times at 
three weekly intervals. Each dose was 300µg of pure protein in 1x PBS as an emulsion 
with Freund‟s Complete Adjuvant (first dose) or Freund‟s Incomplete Adjuvant (second, 
third and fourth doses). A test bleed was performed two weeks after the third immunisation 
to confirm adequate antibody response. Confirmation of specific antibody production was 
assessed using Western blot against recombinant proteins. Bleed-out was performed two 
weeks after the final dose. Western blot was performed (Section 3.2.6) to confirm specific 
antibody production after the final bleed. 
 
3.2.6 Western blot 
Soluble adult worm antigen preparation (SWAP) and the insoluble fraction of the crude 
worm protein extract was extracted from 76 male and female adult S. mansoni worms, 
following You and colleagues (You et al., 2010). Tegument proteins were extracted from 
16 male and female S. mansoni worms (Section 4.2.2). The concentration of SWAP and 
the insoluble fraction of the crude worm protein extract was calculated using BCA Protein 
Assay Kit (ThermoScientific). Approximately 5 µg of SWAP, insoluble fraction of the crude 
worm protein extract and 1.5 µl of tegument protein with 4× Laemmli sample buffer (LSB, 
62.5 mM 1M Tris, pH6.8, 2% SDS, 0.05% bromophenol blue, 20% Glycerol, 0.71 mM β-
mercaptoethanol) was added to a final concentration of 1× to each sample before boiling 
for 5 minutes at 95°C.  
 
The samples were then applied to 1 mm thick 4% stacking, 12% resolving gel for SDS-
PAGE. Electrophoresis was carried out at 100 V for 20 minutes and then 200 V for 50 
minutes. Proteins were transferred to pre-wet polyvinylidene fluoride (PVDF) membrane at 
200 mA for 1 hour. The membranes were blocked in 50% Odyssey® blocking buffer (LI-
COR® Biosciences) in 1x PBS for 1 hour with shaking. Primary antibody (Section 3.2.5) 
was diluted 1:5000 in 50% Odyssey® blocking buffer in 1x PBS plus 0.1% Tween-20 
(PBS-T). The membranes were incubated at room temperature for 1 hour with shaking. 
The membranes were washed 4 times for 5 minutes with PBS-T. The secondary antibody, 
goat anti-rabbit IRDye 800CW (LI-COR®), was added at 1:15000 dilution in 50% 
Odyssey® blocking buffer in PBS-T and the membrane incubated for 1 hour at room 
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temperature with shaking. The membranes were washed 4 times for 5 minutes with PBS-T 
with a final wash in pure MilliQ water. Immunoreactive proteins were visualised using 
Odyssey imaging system (LI-COR®).  
 
3.2.7 Electron microscopy localisation of SmDLC1 and Sm22.6 
The cellular distribution of SmDLC1 and Sm22.6 was determined by immunolocalisation 
and transmission EM. This experiment was performed alongside the experiment presented 
in Chapter 2, with SmDLC1 and Sm22.6 polyclonal antibodies (section 3.2.5). SmDLC1 
antiserum was used at 1:1000 dilution in blocking buffer and Sm22.6 antiserum was used 
at 1:250 dilution for this experiment. Pre-immune sera and anti-smooth muscle action were 
used as the negative control and positive control, respectively (Chapter 2) (Schulte et al., 
2013). The secondary antibody was 10nm Protein A Gold (PAG). 
 
3.2.8 Electron microscopy dual localisation of SmDLC1 and Sm22.6 
Dual localisation was performed to determine whether SmDLC1 and Sm22.6 co-localised 
within the tegument. The protocol for dual localisation methodology is essentially two 
single localisation protocols (section 3.3.3) performed in tandem with an intermediate 
fixation step to block immunoreactivity of bound immunoreagents introduced in the first 
localisation step (Slot and Geuze, 2007). Gold particles of two different sizes (10nm and 
15nm) conjugated to protein-A were used as a secondary marking system, as the gold 
particles have discrete sizes. Two test conditions were used in parallel with three control 
conditions (Table 3.4). All incubation steps were performed at room temperature on 10-
20 μl drops on plastic laboratory film. Sections were first wet by placing grids onto drops of 
1x PBS for 5 minutes and then incubated in blocking buffer (0.2% BSA, 0.2% fish-skin 
gelatin (Sigma), 20mM glycine, 20% PBS in H2O) for 15 minutes. Sections were then 
incubated in primary antisera in blocking buffer for 30 minutes. Following 3 washes of 5 
minutes each in blocking buffer, the sections were incubated in secondary antisera PAG 
diluted 1:60 in blocking buffer for 30 minutes. Sections were washed 3 times in 5 minute 
changes of PBS. Sections were then fixed in 1% glutaraldehyde in PBS for 5 minutes. The 
procedure above was repeated using a different size secondary PAG antisera and 
followed by 4 washes in milliQ water of 5 minutes each. Unstained sections were imaged 
and photographed in a JEM1011 transmission electron microscope using an 80 kV 
accelerating voltage (Chapter 2).  
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Table 3.4. Dual localisation methodology  
Name 
First Primary 
Antisera 
First 
Secondary 
Reagent 
Second Primary 
Antisera 
Second 
Secondary 
Reagent 
Test 1 1:250 Sm22.6 15 nm PAG  1:1000 SmDLC1 10nm PAG  
Test 2 1:1000 SmDLC1 10 nm PAG  1:250 Sm22.6 15 nm PAG  
Control 1 
1:200 Pre-immune 
sera 
15 nm PAG  1:1000 SmDLC1 10 nm PAG  
Control 2 1:250 Sm22.6 15 nm PAG  
1:200 Pre-immune 
sera 
10 nm PAG  
Control 3 
1:200 Pre-immune 
sera 
15 nm PAG  
1:200 Pre-immune 
sera 
10 nm PAG  
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3.3 Results 
3.3.1 Real-time life cycle expression 
The abundance of S. mansoni DLC and TAL transcripts in cDNA populations synthesised 
from mRNA of different life cycle stages was analysed by real-time PCR (Figure 3.1). Most 
genes have a similar transcriptional pattern with transcript abundance increasing as the 
parasite developed from free-living life cycle stages (egg, miracidia, cercariae) to parasitic 
stages (schistosomula and adults). The most striking exception to this pattern is Sm21.7, 
which has a consistently high abundance across all life cycle stages. The abundance of 
SmDLC5 in egg, cercariae and 4h schistosomula is higher when compared to other genes 
in the study, with exception of Sm21.7. The expression of all transcripts is higher in adult 
male, when compared to adult female samples. 
 
Figure 3.1 Expression of SmDLCs and SmTALs in life stages of the Schistosoma mansoni 
life cycle. 4h: 4 hour; 4d: 4 day, somula- schistosomula. 
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3.3.2 Recombinant protein and polyclonal antibody production 
Soluble recombinant protein SmDLC1 and Sm22.6 were expressed in an E. coli 
expression system (Figure 3.2). Elutions were contaminant-free and appeared at the 
expected size for the protein: 22.6 kDa for Sm22.6 and 10 kDa for SmDLC1. Rabbit 
polyclonal antisera raised against Sm22.6 and SmDLC1 recombinant proteins detected 
protein in SWAP, insoluble fraction of the crude worm protein extract and tegument protein 
(Figure 3.3). The bands detected by Western blot were at the expected molecular mass for 
both proteins in all protein samples used. For SmDLC1, faint bands were detected at 
approximately 22 kDa in all protein samples and at approximately 53 kDa for SWAP only. 
DLCs are known to form dimers which could explain the appearance of a band at 
approximately 22kDa. This could also be evidence for the SmDLC1 antisera cross-reacting 
with Sm22.6 as this band appears at the expected height of Sm22.6. It is also possible that 
the SmDLC1 antisera is cross reacting with other DLCs as dimmers or single proteins. 
However, without mass spectral identification of proteins, cross reactivity cannot be 
confirmed. 
 
 
Chapter 3 
53 
 
Figure 3.2. Coomassie stained SDS-PAGE gel of eluted fractions from affinity purification 
of polyhistidine-tagged a) Sm22.6, b) SmDLC1 recombinant protein expressed in E. coli. 
M, Protein standards marker; UB, unbound; G, Nickel affinity gel; FT, flow through; W, 
wash; 20-250, elutions containing 20 to 250 mM Imidazole. 
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Figure 3.3. Western blots performed with rabbit polyclonal antibodies raised against 
Sm22.6 (A) and SmDLC1 (B) against SWAP, insoluble fraction of the crude worm protein 
extract (IS) and tegument protein (Teg). 
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3.3.3 Electron microscopy localisation 
The pre-immune sera negative control showed minimal labelling and the anti-SMA labelled 
known actin-rich features of the tegument (Chapter 2, Figure 2.4). Sections were labelled 
with polyclonal antibodies raised against recombinant SmDLC1 and Sm22.6. SmDLC1 
immunoreactivity is highly evident in the tegument with labelling throughout the apical 
cytoplasm (Figure 3.4 and Figure 3.5). SmDLC1 labelling was concentrated in three 
regions of the apical cytoplasm. Firstly, there was abundant immunolocalisation in the 
cortical region, in the layer immediately subjacent to the apical membrane complex (Figure 
3.4). This region is typically abundant in actin filaments (Matsumoto et al., 1988). 
Secondly, the label was found in roughly linear strands in the apical cytoplasm (Box a, 
Figure 3.4A). This pattern could either reflect the general abundance of DLCs in the 
cytoplasm or a strong association with specific structures or organelles that cannot not be 
resolved with the current preparation technique. Thirdly, SmDLC1 immunoreactivity is 
distinctly associated with membrane-bound organelles in the cytoplasm. These organelles 
are typically those bounded by the apical membrane complex (Figure 3.4B) and include 
surface invaginations. Interestingly, although the membranes of surface invaginations 
were strongly labeled (Figure 3.4A), deeper vacuolar regions showed sparse label (Figure 
3.4A). There is also evidence of SmDLC1 labelling in cytoplasmic processes that connect 
the tegument cytoplasm to the underlying cell bodies (Figure 3.5). 
 
Sm22.6 has a more diffuse labelling pattern when compared with that of SmDLC1. Sm22.6 
labelling is strongly associated with cortical region of the apical cytoplasm, where it 
predominately localises to the cytoplasmic side of the apical membrane (Figure 3.6). 
Sm22.6 also appears deeper in the apical cytoplasm, where it associates with unilaminate 
membrane structures. There is also evidence of Sm22.6 labelling where the surface 
invagination seems to be docking with the surface membrane (Figure 3.6). 
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Figure 3.4. Immunolocalisation of SmDLC1 in the tegument of male S. mansoni, prepared 
by high pressure freezing and cryosubstitution with uranyl acetate. (A, B) Regions of the 
tegument with predominant gold label associated with the apical tegument membranes 
and tegumental vesicles. Labelling appears linear strands (Box a) and associated with 
membrane-bound organelles. Abbreviations: AM - apical membrane; SI - surface 
invaginations, Teg - tegument. 
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Figure 3.5. Immunolocalisation of SmDLC1 in the tegument of male S. mansoni, prepared 
by high pressure freezing and cryosubstitution with uranyl acetate. Gold label associated 
with cytoplasmic connections of the tegument (arrows). Abbreviations: AM - apical 
membrane; My - myofibrils, Teg - tegument. 
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Figure 3.6 Immunolocalisation of Sm22.6 in the tegument of male S. mansoni, prepared by 
high pressure freezing and cryosubstitution with uranyl acetate. (A,B) Regions of the 
tegument with gold label associated with the apical tegument membranes. Labelling 
appears where SI is interacting with apical membrane (arrow). Abbreviations: AM - apical 
membrane; Teg - tegument; SI - surface invaginatations; SR - sensory receptor. 
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3.3.4 Dual localisation 
To explore whether SmDLC1 and Sm22.6 colocalise within the tegument cytoplasm, a 
double indirect immunocytochemistry method using PAG as secondary antibody was 
applied to adult male schistosomes that were cryosubstituted in uranyl acetate. Following 
the single localisation of SmDLC1 and Sm22.6, the identical antibodies and dilutions were 
used for dual localisation. For dual localisation, two test and three control procedures were 
performed (Table 3.4).  
 
Control 1 and control 2 (Figure 3.7 and Figure 3.8) showed the PAG labelling of only 
SmDLC1 and Sm22.6, respectively with minimal or no PAG labelling seen. Control 3 using 
pre-immune sera as the primary antibody both times, showed no PAG labelling (data not 
shown). Test 1 and test 2 (Figure 3.9 and Figure 3.10) were expected to produce the same 
results as the same experimental conditions were performed with the order of localisation 
reversed. In test 1 and test 2 PAG labelling is associated with and around membrane 
components. Distinct labelling of both PAG sizes at the apical surface membranes is 
evident. There is a greater labelling of SmDLC1 (10nm PAG) at the apical tegument 
membranes when compared to that of Sm22.6 (15nm PAG). Aggregated gold of two sizes 
is rarely seen suggesting that Sm22.6 and SmDLC1 do not generally co-localise or have 
more transient interactions. 
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Figure 3.7 Dual immunolocalisation of SmDLC1 and pre-immune sera (Control 1) in the 
tegument of male S. mansoni, prepared by high pressure freezing and cryosubstitution 
with uranyl acetate (A and B). Inset: High magnification of gold labelling. 
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Figure 3.8 Dual immunolocalisation of Sm22.6 and pre-immune sera (Control 2) in the 
tegument of male S. mansoni, prepared by high pressure freezing and cryosubstitution 
with uranyl acetate. Inset: High magnification of gold labelling. 
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Figure 3.9 Dual immunolocalisation of Sm22.6 and SmDLC1 (Test 1) in the tegument of 
male S. mansoni, prepared by high pressure freezing and cryosubstitution with uranyl 
acetate (A and B). Inset: High magnification of gold labelling.  
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Figure 3.10 Dual immunolocalisation of Sm22.6 and SmDLC1 (Test 2) in the tegument of 
male S. mansoni, prepared by high pressure freezing and cryosubstitution with uranyl 
acetate (A and B). Inset: High magnification of gold labelling.   
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3.4 Discussion 
The roles of DLCs and TALs in the biology of schistosomes remains largely unknown. 
There is evidence that TALs interact with DLCs (Hoffmann and Strand, 1997). This 
interaction, in addition to both molecules being strongly associated with the tegument, and 
the function of DLCs in organellar and cytoplasmic motility functions, suggests a role in 
transport within the tegument. In this chapter, further characterisation of S. mansoni DLCs 
and TALs provides a more comprehensive insight into when these molecules are 
expressed throughout the parasite life cycle and their sub-cellular distribution in the adult 
tegument.  
 
This chapter presents the first quantification of SmDLC and SmTAL genes in the parasite 
life cycle using real-time PCR. All transcripts, except Sm21.7, showed a similar expression 
pattern with transcript abundance increasing as the parasite develops from free-living life 
cycle stages host-infective stages. Previous studies used have Western blot, Northern blot 
and reverse-transcriptase PCR to determine gene expression in life cycle stages. By 
Northern blot, the expression of Sm21.7 was analysed in hepatopancreas of an infected 
snail, schistosomula and adult worms at similar abundance (Francis and Bickle, 1992). 
The mRNA transcript pattern is consistent with that observed here for Sm21.7, although 
daughter sporocysts were not analysed (Figure 3.1). The data suggest that Sm21.7 is 
constitutively expressed in the life cycle and is not enriched as the tegument forms and 
develops.  
 
The expression pattern of Sm20.8 and SmDLCs has been previously analysed by Western 
blotting in miracidia, cercariae, 3 hour mechanically transformed schistosomula and adults 
(Hoffmann and Strand, 1997). In that study, cercariae showed the highest levels of protein, 
followed by schistosomula and adults. Hoffmann and Strand (1997) could not detect 
Sm20.8 or SmDLC5 in miracidia. The transcriptional data presented here for miracidia 
shows low abundance of both Sm22.6 and SmDLC5 transcripts. However, some 
differences were noted between the Western blotting results and the real-time PCR in the 
current study. Cercariae and schistosomula had low transcript abundance of Sm20.8 and 
SmDLC5 while adults had the highest abundance (Figure 3.1). In contrast Hoffmann and 
Strand (1997) suggested these proteins were most abundant in cercariae.  
 
Reverse-transcriptase PCR expression of Sm20.8, Sm21.7, Sm22.6 and SmDLC1 (termed 
SmDLC5 in this study) and Western blot analysis of Sm22.6 and Sm21.7 in egg, cercariae 
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and adult preparations was assessed (Fitzsimmons et al., 2007). In both reverse-
transcriptase PCR and Western blot, Sm21.7 had an equal expression in all life stages, 
which is consistent with the real-time PCR results presented here. In both investigations, 
transcripts of Sm22.6 and Sm20.8 were not present in eggs, were minimally abundant in 
cercariae and showed greatest abundance in adults. SmDLC5 had minimal expression in 
the eggs, no expression in the cercariae and greatest expression in the adults 
(Fitzsimmons et al., 2007). In the real-time results presented here, SmDLC5 is more 
abundant in adults with more expression in eggs and cercariae. 
 
The most comprehensive report of the expression profile of SmTALs in life cycle stages 
come from microarray data (Fitzsimmons et al., 2012). While the microarray data reports 
on a larger number of life cycle stages, the general expression patterns agree with the 
real-time PCR results presented here. A number of studies have used 
immunofluorescence and I-TEM, to determine that SmDLCs and SmTALs are found in the 
tegument in S. mansoni, S. japonicum, S. bovis (de la Torre-Escudero et al.; Hoffmann 
and Strand, 1996; Li et al., 2000; Lopes et al., 2009; Mohamed et al., 1998; Zhang et al., 
2005). Although immunofluorescence has been used for high resolution studies of the 
cellular distribution of many molecules, in schistosome biology the method has not 
reached its potential, possibly due to the small size of the apical cytoplasm of the 
tegument (which is 5 microns thick), and the multi-faceted membrane system that occurs 
in this cytoplasmic membrane. In Chapter 2 the application of high-pressure freezing and 
freeze substitution to the tegument obtained near native tissues for localisation studies 
(Schulte et al., 2013). The sections have been probed with a number of schistosome 
tegument antigens including Sm22.6 and SmDLC1. With the use of I-TEM here we were 
able to define the exact ultrastructural location of Sm22.6 and SmDLC1 in the tegument.  
 
The results presented in this Chapter confirm that SmDLC1 is abundant in the adult S. 
mansoni tegument, as is its orthologue, S. japonicum DLC1 (Zhang et al., 2005). For 
SmDLC1, the labelling was especially strong in the cortical region of the apical cytoplasm, 
a region rich in actin filaments. Zhang and colleagues (2005) argued that SjDLC1 was 
associated most commonly with the apical membrane complex in the tegument. 
Immunofluoresence of S. japonicum 22.6 by Li and colleagues (2000) revealed localisation 
at the apical membranes and I-TEM of Sj22.6 revealed gold labelling in the tegument and 
at the apical cytoplasm. The localisation of SmDLC1 and Sm22.6 presented in this chapter 
is consistent with the published localisation of SjDLC1 and Sj22.6. 
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Dual localisation in adult male schistosomes was undertaken to identify co-localisation 
patterns of SmDLC1 and Sm22.6 and to assess potential interactions between these 
proteins. Evidence for protein interaction is limited, as they do not appear to co-localise 
extensively at ultrastructural resolution. This is the first application of dual localisation in 
schistosome adults and although two distinct proteins have been successfully localised 
with different sizes of PAG some differences in localisation patterns exist between dual 
localisation and single localisation presented in this chapter. It would be expected that 
control 1 and 2 (Figure 3.7 and 3.8), where only one antibody was used, of the dual 
localisation protocol would have very similar localisation patterns when compared to the 
single localisation protocols for SmDLC1 and Sm22.6, respectively (Figure 3.4 and 3.6). 
Localisation patterns of SmDLC1 are similar, however, the abundance of PAG labelling is 
less in dual localisation. Localisation patterns of Sm22.6 are also similar but the 
abundance of PAG in the dual localisation is more than the single localisation, suggesting 
that there was some cross-reactivity during the dual localisation procedure.  
 
The localisation patterns described here were only studied in the adult male tegument. 
High magnification transmission EM localisation of a 22 kDa band recognised by human 
IgE showed labelling in the adult tegument along with the gastrodermis (Dunne et al., 
1997). As the tegument is in continuity with the gut lining, this pattern of localisation is 
expected. The gastrodermis itself is predicted to be a dynamic region as it is involved in 
many roles and uptake of nutrients and excretion of digestive enzymes. The molecules in 
the present study are not upregulated or found in the gastrodermis using gene atlasing 
approaches (Nawaratna et al., 2011). 
 
The real-time PCR results (Figure 3.1) show transcripts of most molecules increases 
markedly in the host-infective stages, especially SmDLC1. Exploring localisation by 
electron microscopy of SmDLCs and SmTALs in cercariae and schistosomula life stages 
would provide insight into the location of the proteins during tegument transformation upon 
host infection and, in turn, will reveal the role of these molecules in the tegument.  
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Chapter 4 
Protein binding partners of the tetraspanin SmTSP-2, a vaccine antigen 
from the human blood fluke Schistosoma mansoni 
 
This chapter is adapted from a publication arising from my thesis research. This paper has 
been published in Journal of Biological Chemistry, 2014, volume 289, 7151-7163 and is 
presented in Appendix 2. This chapter describes my contributions to that paper. 
Contributions by others to this publication are listed in the preliminary pages of this thesis. 
 
4.1 Introduction 
Tetraspanins (TSPs) are a family of integral membrane proteins that are ubiquitously 
expressed on the plasma membranes of eukaryotic organisms. In recent years TSPs have 
emerged as essential participants in a range of processes that occur on cell surfaces. 
TSPs act as „scaffold‟ proteins, providing a framework of homo and heterodimers that form 
complexes with many other proteins. These complexes are clustered into tetraspanin 
enriched microdomains (TEMs) that possess the capacity to facilitate vesicular fusion 
and/or fission (Hemler, 2008). By modulating, inhibiting or stabilising associated proteins, 
TSPs facilitate functionality at the surface of the plasma membrane and they are now 
thought to be essential in events such as fertilisation, parasite and viral infection, cellular 
development, proliferation, immune response induction, metastasis suppression and tumor 
progression (reviewed by Hemler (Hemler, 2005; Hemler, 2008)). Moreover, large 
quantities of TSPs are released from the cell in small vesicles called exosomes (Schorey 
and Bhatnagar, 2008), leading to the hypothesis that TSPs orchestrate changes in the 
plasma membrane essential for the formation and budding of exosomes (Rana and Zoller, 
2011).  
 
One of the most promising candidate antigens for a schistosomiasis vaccine is a TSP 
located on the surface of the parasite, SmTSP-2. This protein was initially discovered 
because of its unique recognition by antibodies from individuals with acquired resistance to 
schistosomiasis and protection induced by vaccination of mice in a challenge model of 
schistosomiasis using a recombinant form of the EC2 domain (SmTSP-2-EC2) (Tran et al., 
2006). Large-scale phase I clinical trials in humans are currently underway (Loukas et al., 
2011) and SmTSP-2 has been manufactured under cGMP conditions. In the parasite, 
SmTSP-2 appears to play a critical structural role in maintaining the integrity of the 
tegument, the syncytial outer covering of the parasite. Knockdown of the Smtsp-2 gene in 
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the immature human stage of the parasite, the schistosomula, resulted in an 83% 
reduction in adult survival rates and caused large-scale degradation of the tegument (Tran 
et al., 2010), probably indicating a specific role for SmTSP-2 in both tegument formation 
and in the plasticity of the membrane.  
 
In this chapter, the functional role of SmTSP-2 is explored by identifying proteins 
potentially involved in TEMs at the surface of the schistosome tegument. As SmTSP-2 is 
scaffold protein that can interact with many proteins at once, proteins associated with 
TEMs may play an important role in host-parasite interactions. In addition, SmTSP-2 is a 
leading vaccine target for schistosomiasis and identifying the proteins it interacts with 
could lead to the development of multi-valent vaccine and provide enhanced efficacy.  
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4.2 Materials & Methods 
4.2.1 Animal ethics and parasite lifestyle maintenance 
Research involving animals in this study was approved by the Animal Ethics Committee of 
the Queensland Institute of Medical Research under protocol P1289. The study was 
conducted according to guidelines of the National Health and Medical Research Council of 
Australia, as published in the Australian Code of Practice for the Care and Use of Animals 
for Scientific Purposes, 7th edition, 2004. The Puerto Rican strain of S. mansoni was 
maintained in ARC Swiss mice and Biomphalaria glabrata snails at QIMR from stocks 
originating from the National Institute of Allergy and Infectious Diseases Schistosomiasis 
Resource Centre, Biomedical Research Institute (Rockville, Maryland, USA). Worm pairs 
were perfused from mice six weeks post-infection.  
 
4.2.2 Tegumental protein crosslinking, purification and SDS-PAGE 
Approximately 57 worm pairs were perfused from infected mice and washed thoroughly in 
perfusion buffer (145 mM NaCl, 60 mM Na citrate). For control samples the perfusion 
buffer was removed and worms snap frozen on dry ice and stored in liquid nitrogen for 
later processing. For crosslinking of surface proteins with bis(sulfosuccinimidyl)suberate 
(BS3), worms were perfused and washed thoroughly in Hanks Balanced Salt Solution 
(HBSS; Sigma) and then incubated in 5 mM of BS3 in HBSS for 30 min at room 
temperature with occasional agitation. The reaction was quenched by the removal of BS3 
and the addition of 10 mM glycine in HBSS for 15 minutes at room temperature. Worms 
were washed 3 times with HBSS and all liquid removed prior to freezing on dry ice. The 
tegument was removed from both crosslinked and uncrosslinked worms by the 
freeze/thaw/vortex method (van Balkom et al., 2005) with slight modifications. Briefly, the 
worms were thawed, initially at room temperature and then on ice, and washed quickly in 
ice cold TBS (10 mM Tris/HCl, 0.84% NaCl, pH 7.4). Worms were incubated on ice for 5 
minutes in 10 mM Tris/HCl, pH 7.4, vortexed 5 times for 1 second each and the 
supernatant transferred to a new tube. The supernatant was centrifuged at 12,000 × g for 
30 minutes at 4°C and the resulting pellet resuspended in 21 μL of 10 mM Tris/HCl, pH 
7.4. 4× Laemmli sample buffer (LSB, 62.5 mM 1M Tris, pH6.8, 2% SDS, 0.05% 
bromophenol blue, 20% Glycerol, 0.71 mM β-mercaptoethanol) was added to a final 
concentration of 1× to each sample before boiling for 5 minutes at 95°C. The samples 
were then applied to a 1 mm thick 4% stacking, 10% resolving gel for SDS-PAGE. 
Electrophoresis was carried out at 100V for 20 minutes and then 200V for 50 minutes. The 
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gels were stained using Coomassie Brilliant Blue and destained in 25:10:65 
methanol/acetic acid/water (v/v/v).  
 
4.2.3 Blue-Native PAGE 
Approximately 60 freshly perfused worm pairs were washed thoroughly in perfusion buffer. 
The tegument was isolated according to the standard freeze/thaw/vortex protocol (Section 
4.2.2), except the tegument was resuspended in final concentration of 1 × NativePAGE 
Sample Buffer, 1 × Protease Inhibitor (Roche) and 1% n-dodecyl-β-D-maltoside (DDM) 
using the NativePAGE Sample Prep Kit (Invitrogen). Samples were incubated on ice for 15 
minutes prior to centrifugation at 12,000 × g at 4°C for 30 minutes. NativePAGE G-250 
Sample Additive (Invitrogen) was added to isolated proteins to a final concentration of 
0.25%. Fractionation was carried out on 1.0 mm NativePAGE 3-12% Bis-Tris Gel 
(Invitrogen) using 1x NativePAGE Anode Running Buffer and 1x Native PAGE Dark 
Cathode Buffer (Invitrogen). The sample was fractionated under native conditions at 4°C at 
150 V for 1 hour and 200V for 45 min. After destaining the gel, the lane was then divided 
into approximately 30 slices and in-gel tryptic digest performed (Section 4.2.5). 
 
4.2.4 SmTSP-2 immunoprecipitation 
BS3 was used to crosslink the teguments of 180 worm pairs as described above. The 
teguments were then isolated by the standard freeze/thaw/vortex protocol. The resulting 
tegument pellet was resuspended in lysis buffer (0.5 M Urea, 0.2% (w/v) SDS, 1.0% (v/v) 
Triton X-100, 1 mM DTT, PBS - 0.1% Tween20 (PBST)). A polyclonal anti-SmTSP-2 
antibody, raised against recombinant SmTSP-2-EC2, was used to precipitate protein 
complexes containing SmTSP-2 and antibodies to REX, a ring stage-specific protein from 
Plasmodium falciparum (Hawthorne et al., 2004), were used as a negative control. Protein 
G sepharose beads (BioVision) were washed 3 times with PBST prior to antibody binding 
in PBST at 4°C for 1 hour under rotation. The beads were washed twice more with PBST 
prior to addition of crosslinked tegument proteins and incubation overnight at 4°C under 
rotation. The unbound fraction was collected and the beads washed 3 times with PBST. 
Bound proteins were eluted by adding 4 × LSB and incubating at 95°C for 10 min. Eluted 
proteins were fractionated by SDS-PAGE using a 4% stacking and 12% resolving gel. The 
gels were stained using Coomassie Brilliant Blue and destained in 25:10:65 
methanol/acetic acid/water (v/v/v), and in-gel tryptic digest performed (Section 4.2.5).  
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4.2.5 In-gel tryptic digest and mass spectroscopy 
 SDS-PAGE gel lanes were divided into approximately 30 slices and each slice cut into 
small pieces. Each gel slice was processed independently and was firstly destained twice 
by incubation in 50% acetonitrile, 200 mM NH4HCO3 for 45 min at 37°C for 30 min at 37°C 
and then dried using a vacuum centrifuge. The gel pieces were resuspended in 20 mM 
dithiothreitol (DTT) and reduced for 1 h at 65°C. DTT was removed, and the samples 
alkylated by the addition of 50 mM iodoacetamide and incubation in darkness at 37°C for 
40 min. Gel pieces were washed twice in 25 mM NH4HCO3 for 15 min and completely dried 
in a vacuum centrifuge. Gel pieces were rehydrated with 20 μL of trypsin reaction buffer 
(40 mM NH4HCO3, 10% acetonitrile) containing 20 μg/mL trypsin (Sigma) for 20 min at 
room temperature. An additional 50 μL of trypsin reaction buffer was added to the samples 
and incubated overnight at 37°C. The digest supernatant was removed from the gel slices, 
and residual peptides were washed from the gel slices by incubating three times with 0.1% 
formic acid for 45 min at 37°C. The original supernatant and extracts were combined and 
dried in a vacuum centrifuge. The tryptic peptides were resuspended in 12 μL 5% formic 
acid before mass spectral analysis.  
 
4.2.6 Protein identification using tandem mass spectroscopy 
 Tryptic fragments from in-gel digests were chromatographically separated on a Dionex 
Ultimate 3000 HPLC using an Agilent Zorbax 300SB-C18 (3.5 μm, 150 mm x 75 μm) 
column and a linear gradient of 0-80% solvent B over 60 min. A flow rate of 0.3 μL/min 
was used for all experiments. The mobile phase consisted of solvent A (0.1% formic acid 
(aq)) and solvent B (80/20 acetonitrile/0.1% formic acid (aq)). Eluates from the RP-HPLC 
column were directly introduced into the NanoSpray II ionisation source of a 5600 MS/MS 
System (AB Sciex) operated in positive ion electrospray mode. All analyses were 
performed using Information Dependant Acquisition. Analyst 2.0 (Applied Biosystems) was 
used for data analysis and peak list generation. Briefly, the acquisition protocol consisted 
of the use of an Enhanced Mass Spectrum scan as the survey scan. The twenty most 
abundant ions detected over the background threshold were subjected to examination 
using an Enhanced Resolution scan to confirm the charge state of the multiply charged 
ions. The ions with a charge state of +2, +3 or with unknown charge were then subjected 
to collision-induced dissociation using a rolling collision energy dependent upon the m/z 
and the charge state of the ion. Enhanced Product Ion scans were acquired resulting in full 
product ion spectra for each of the selected precursors, which were then used in 
subsequent database searches.  
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4.2.7 X! Tandem searches 
Searches were performed using version 12.10.01.1 of X! Tandem (Craig and Beavis, 
2004) with a 0.1 Da tolerance on the precursor, 0.1 Da tolerance on the product ions, 
allowing for methionine oxidation and carbamidomethylation as fixed and variable 
modifications respectively, one missed cleavage, charge states +2 and +3 and trypsin as 
the enzyme. All experiments were searched against the Uniprot S. mansoni proteome data 
set, downloaded on the 10th, Feb. 2013 (11,712 sequences). Searches were also made 
against the SwissProt database (as of the 23rd of May 2011) to control for contamination. 
Any peptide matching a non-schistosome protein was removed from the peptides 
attributed to identifications from the S. mansoni database. The criteria for accepting protein 
identifications were as follows: (i) the identification needed to contain at least two peptides 
with an e-value less than 0.05; and (ii) at least one significant peptide was unique to the 
identified protein. In the case of protein identifications relying on the same peptide 
identifications the protein with the highest score was used. 
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4.3 Results 
The identification of protein-protein interactions is one of the more difficult tasks in 
functional genomics due to non-specific protein interactions that lead to false-positive hits. 
This problem is particularly acute in the case of SmTSP-2 which, as a scaffold protein, is 
likely to participate in protein interactions that do not occur in the native state and which 
may occur as samples are processed for analysis. Accordingly, three methods were used 
to identify potential TEM proteins; (1) crosslinking of the surface proteome of S. mansoni 
and comparison with the non-crosslinked surface proteome using SDS-PAGE; (2) non-
denaturing Blue Native PAGE (BN-PAGE) of the surface proteome to identify proteins co-
migrating on gels; and (3) immunoprecipitation experiments targeting SmTSP-2 in 
chemically crosslinked tegument preparations (Figure 4.1). Although not conclusive, the 
identification of the same interacting proteins in all three methods would provide some 
confidence in assigning a protein to the SmTSP-2 mediated TEMs. 
Figure 4.1. Workflow of methods applied to the adult S. mansoni tegument to deduce 
protein interactions in the tegument. 
 
4.3.1 Chemical crosslinking 
To „fix‟ protein interactions at the surface of the adult S. mansoni tegument whole worms 
were incubated with the amine reactive crosslinker bis(sulfosuccinimidyl)suberate (BS3). 
This crosslinker has a linker arm length of 11.4 Å and is membrane insoluble, so that only 
proteins exposed on the surface of the worm and in close proximity will be crosslinked. 
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Freshly perfused whole adult worm pairs were reacted with BS3 and the tegument was 
stripped, solubilised and fractionated using SDS-PAGE.  
 
The BS3 crosslinking experiment was performed in two biological replicates with protein 
migration rates determined by analysing 31 separate gel bands from the BS3 crosslinking 
experiment and comparing protein identifications, generated using mass spectroscopy, 
with those made in a SDS-PAGE analysis of a control sample prepared in the same way 
but without the addition of BS3. In total 219 unique proteins were identified from the BS3 
crosslinked tegument, including 158 proteins that were identified in bands 1–10, 
corresponding to an apparent molecular weight greater than 80 kDa. Ninety-one of these 
proteins had calculated molecular weights below 60 kDa and were not identified in the 
corresponding bands in the uncrosslinked control. GO ontology analysis of these proteins 
showed enrichment of membrane bound GO terms in bands 1-10 of the BS3 sample, with 
these terms accounting for 43% of the total in BS3 compared to 28% in the SDS-PAGE 
experiment. 
 
In both of the BS3 experiments SmTSP-2 was consistently identified at a higher  molecular 
weight than its native weight (~26kDa). In the first replicate, SmTSP-2 was identified in 
bands 2–5, 7, 9, and 11–12, contrasting with identifications in bands 20, 21, 25 and 27 in 
the tegument reference experiment (Figure 4.3). In the second replicate, SmTSP-2 was 
identified in bands 1–14, indicating slower migration, and in bands 16–25, suggesting 
incomplete crosslinking of surface proteins in this replicate. In both BS3 crosslinking 
replicates, SmTSP-2 was identified at an apparent molecular weight higher than its native 
molecular weight and was identified at a higher molecular weight than was found in the 
analysis of uncrosslinked tegument. These results suggest that chemical crosslinking 
affected the migration of SmTSP-2, most likely due to crosslinking with other proteins. 
 
The migration patterns of all identified proteins before and after crosslinking was analysed 
to determine which proteins were „pulled‟ into bands in which SmTSP-2 was also identified 
(Figure 4.2). Consistent co-identification of crosslinked proteins with SmTSP-2 indicates 
putative membership in SmTSP-2 mediated TEMs. Due the complexity of the protein 
interaction data generated from these BS3 crosslinking experiments additional methods 
were applied to the tegument to provide clearer SmTSP-2 interaction data. 
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Figure 4.2. A representation of migration patterns of S. mansoni tegument proteins after 
BS3 crosslinking when compared to a reference sample after a single experiment. SDS-
PAGE band numbers are indicated on the left (Reference) and right (BS3 crosslinked). A 
higher number indicates larger molecular weight. 
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4.3.2 Blue Native-PAGE  
Non-denaturing BN-PAGE was also used to fractionate partially solubilised protein 
complexes from the S. mansoni tegument. In BN-PAGE experiments, proteins are 
solubilised by the application of detergents of differing strengths that destroy weaker 
interactions, leaving the stronger protein interactions intact. Analysis of the resulting 
protein samples on non-denaturing PAGE gels results in slower migration of the remaining 
protein complexes. The behaviour of tegument protein complexes were assayed using two 
different detergents; differing concentrations of n-dodecyl-β-D-maltoside (DDM) and 
digitonin were used to solubilise tegument preparations and the resulting protein mixtures 
were fractionated using BN-PAGE and proteins identified using tandem MS. After 
optimisation, 1% DDM treated tegument samples exhibited ideal protein complex 
solubilisation and these conditions were selected for further analysis. After BN-PAGE 
SmTSP-2 was identified in bands 1–4 as well as in bands 14, 19, 21–24. The apparent 
molecular weight of bands 19 and 21–24 approximated the molecular weight of native 
SmTSP-2 (~26 kDa), however bands 1–4 and 14 indicated a substantial shift in the 
apparent molecular weight of SmTSP-2 (Figure 4.3). In bands 1–4, 15 proteins were co-
identified with SmTSP-2, including annexin (G4VL68), actin (G4VSW6), Fer-1-related 
(Dysferlin) (G4LV54) and heat shock protein 70 (G4V8L4). 
 
4.3.3 SmTSP-2 immunoprecipitation 
To specifically isolate SmTSP-2, and its interaction partners, from BS3 crosslinked 
tegument preparations, crosslinked proteins were incubated with anti-SmTSP-2 
antibodies. It was hoped that this would simplify the number of proteins identified and 
would enable co-migrating proteins to be identified as SmTSP-2 interaction partners. After 
elution from sepharose beads, captured proteins were fractionated using SDS-PAGE and 
proteins identified using MS/MS. SmTSP-2 was identified in seven bands, indicating 
successful purification of the protein with the antibody. As SmTSP-2 was identified in 
bands higher on the gel (Figure 4.3), indicative of slower migration and suggesting the 
isolation of SmTSP-2 mediated TEMs. Six proteins were co-identified with SmTSP-2 over 
two replicates including, calpain (G4VAG2), annexin (G4VL68), heat shock protein 70 
(G4V8L4), alkaline phosphatase (G4VJ94), Fer-1-related (Dysferlin) (G4LV54), and actin 
(G4VSW6) (Table 4.1). Two additional proteins were found in only one replicate, Fructose-
bisphosphatealdolase (G4VJU0) and Sm29 (O96368) (Table 4.1). Analysis of SDS-PAGE 
gels of proteins incubated with a control antibody provided no SmTSP-2 identifications, or 
identification of any other S. mansoni protein.  
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Figure. 4.3. Representative gels from BS3 crosslinking and immunoprecipitation 
experiments. S. mansoni tegument protein preparations not reacted with BS3 were 
analysed using SDS-PAGE (Teg) and non-denaturing BN-PAGE (BN). Crude BS3 
crosslinked tegument preparations were analysed using SDS-PAGE (BS3). Eluates from 
immunoprecipitation experiments using BS3 crosslinked tegument preparations and anti-
SmTSP-2 polyclonal antibodies were analysed using SDS-PAGE, staining at 
approximately 64 kDa and 30 kDa are consistent with the heavy and light chains of IgG 
(IP). Lanes were divided into 33 bands and the protein constituents of the bands were 
determined using tandem mass spectroscopy. Gel bands in which SmTSP-2 was identified 
are marked with an asterisk. In BS3, BN-PAGE and IP experiments SmTSP-2 exhibited 
slower migration through the gel indicating interactions with proteins co-identified in the 
relevant bands. Marker lanes are denoted with MW and the apparent molecular weights 
are shown (kDa).  
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Table 4.1. Potential members of SmTSP-2 mediated TEMsa. 
Accession Score SC CO Description IP1 IP2 BN-PAGE Loc. 
G4VL68 -92.7 11 0.32 Annexin * * * * 
G4VJ94 -14.6 3 0.08 Alkaline phosphatase * * - * 
G4VSW6 -18.1 3 0.09 Actin * * * - 
G4VAG2 -21.1 3 0.02 Calpain (C02 family) * * - - 
G4VJU0 -19.3 3 0.10 
Fructose-
bisphosphatealdolase 
* - * - 
G4LV54 -12.4 2 0.01 Fer-1-related (Dysferlin) * * * * 
G4V8L4 -8.6 2 0.04 Heat shock protein 70 * * * - 
O96368 -14.2 2 0.11 sm29 * - * * 
a. Mass spectral identification of potential binding partners from non-denaturing BN-PAGE 
gels and immunoprecipitation (IP) experiments. Column headings are: Accession - Uniprot 
accession; Score - the X! Tandem protein score; SC - number of unique peptides 
attributed to the protein identification; CO - percent cover of the protein provided by the 
identified peptides; Description - protein description; IP1, IP2 and BN-PAGE - asterisk 
denotes identification of protein in the first or second immunoprecipitation experiment, or in 
BN-PAGE experiments. Mass spectrometry identification data is from IP experiments; Loc. 
– asterisk denotes identification of the protein on the surface of S. mansoni using 
membrane-impermeable biotin (reported in Braschi et al. (Braschi and Wilson, 2006)) 
 
4.3.4 SmTSP-2 forms homodimers in TEMs 
Crosslinking studies of human TSP show that TSPs are known to exist as both homo- and 
hetero-dimers in TEMs. In each experiment performed in this chapter, including the BS3 
crosslinking, BN-PAGE and immunoprecipitation the only schistosome TSP identified was 
SmTSP-2. This result suggests that SmTSP-2 forms homodimers in the adult schistosome 
tegument. 
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4.4 Discussion 
SmTSP-2 is a leading schistosome vaccine candidate. Its role and the role of the TEMs it 
mediates, however, in schistosome biology remains unknown. SmTSP-2 has important 
and non-redundant roles in the parasite, as vaccination with recombinant SmTSP-2-EC2, 
the large extra cellular loop of SmTSP-2, results in significant reductions in adult worm 
burden, liver egg burden and faecal egg counts in mice (Tran et al., 2006). It is also clear 
that SmTSP-2 is crucial for the integrity of the tegument, as RNAi knockdown of SmTSP-2 
in adult worms and schistosomula resulted in profound morphological changes to the 
tegument, suggesting that SmTSP-2 has a role in maintenance of the tegument surface 
membrane (Tran et al., 2010).  
 
As scaffold proteins, it is unlikely that TSPs directly mediate the wide range of functions 
that have been attributed to them. Rather the effects that these proteins have on the 
biology of the cell are associated with the proteins that are incorporated into their surface-
exposed TEMs. Accordingly, to properly understand the function of SmTSP-2, it is 
necessary to identify its interacting proteins, and importantly which are constituents of 
SmTSP-2 mediated TEMs. In this Chapter, three methods have been used to identify the 
proteins that interact with SmTSP-2 at the surface of the S. mansoni tegument. Given the 
importance of this protein to the parasite, the results reported here not only offer an insight 
into the function of Sm-TSP-mediated TEMs, but also provide new targets for interrupting 
the TEMs, either through the design of multi-valent vaccines or the development of new 
drugs targeting the ability of SmTSP-2  to interact and form TEMs. 
 
There are a variety of methods used to investigate protein interactions in vivo and in vitro, 
and also a range of in silico computer applications (Rao et al., 2014; Wetie et al., 2014). 
One of the most common methods to identify protein interactions is Yeast 2 Hybrid, where 
a protein library is probed with a protein of interest, however, this technique is known to 
produce a large number of false positives and also false negatives (Rao et al., 2014). The 
application of protein microarrays to protein interactions provides a method for high-
throughput screening to obtain preliminary protein interaction data (Rao et al., 2014). In 
this Chapter, three different protein interaction methods have been applied to the S. 
mansoni tegument, including IP which is known as the “gold standard” for protein 
interaction studies. Chemical crosslinking combined with mass spectral analysis provides 
a wealth of protein interaction data; however, the data obtained from these experiments 
can be very complex (Sinz, 2006). Here, in gel digestion was used to prepare crosslinked 
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material for mass spectral analysis, in the future in solution digestion could be applied to 
improve protein yield (Sinz, 2006). 
 
By comparing the results obtained from the three methods of identifying protein 
interactions used in this Chapter, eight proteins were identified as potential members of 
SmTSP-2 mediated TEMs. As BS3 will crosslink any proteins with free amines in close 
proximity, the identification of a protein in association with SmTSP-2 in IP experiments 
does not establish that the protein directly interacts with SmTSP-2. A more meaningful 
interpretation is to consider these proteins as potential members of a protein complex 
formed around SmTSP-2, with second order interactions also captured by crosslinking. An 
examination of the proteins identified in the crosslinking experiments (Table 4.1) shows 
that half have been previously identified at the surface of S. mansoni using membrane 
impermeable biotin labelling (Braschi and Wilson, 2006) and, on the evidence presented 
here, are potential members of the exposed TEM in schistosomes. Of the remaining 
proteins, while calpain and HSP70 have been putatively identified as membrane-
associated in S. mansoni (Braschi and Wilson, 2006) and S. japonicum (Mulvenna et al., 
2010a), the presence of both actin and fructose-bisphosphate aldolase suggests vertical 
interactions were also captured. Although BS3 is membrane impermeable, limited 
penetration of the membranocalyx and/or plasma membrane could have occurred across 
damaged membranes or by active transport. Internalised BS3 could therefore link either 
SmTSP-2 or dysferlin, both of which span the plasma membrane, to cytoplasmic proteins. 
For instance, in humans calpain is known to interact with dysferlin during membrane repair 
(Huang et al., 2005) and the interaction is thought to occur at the cytoplasmic face of the 
plasma membrane. Accordingly, given a similar interaction in schistosomes, even limited 
penetration of BS3 could have resulted in the crosslinking of the two proteins in this study. 
The phenotype of adult worms subjected to RNA interference against SmTSP-2 has been 
described (Tran et al., 2010) and knockdown of the putative TEM members identified here 
will provide insight into the significance of the interaction for the function of the SmTSP-2 
TEM. The identification of TEM proteins that are crucial for TEM function is of particular 
importance for the development of multivalent vaccine antigens targeting SmTSP-2 TEMs.  
 
In humans, TSP binding partners include integrins, immunoglobulin superfamily members, 
growth factor receptors, transmembrane proteinases, G-protein-coupled receptors and 
cytoplasmic signaling molecules (Charrin et al., 2009). None of these proteins were 
identified as potential TEM members in this study, and, of those that were identified, none 
Chapter 4 
81 
have been previously associated with TEMs. In S. mansoni, knockdown of SmTSP-2 in the 
immature stage of the worm results in large-scale degradation of the tegument (Tran et al., 
2010). Given the essential role of SmTSP-2 in schistosome tegument integrity, it is 
interesting that several of the potential TEM proteins that were identified have roles in 
membrane repair and fusion. For instance strong evidence links members of the ferlin 
family to a role in the regulation and triggering of Ca2+-dependent membrane-fusion events 
(Martens and McMahon, 2008). Similarly, annexin, dysferlin and calpain have all 
independently been shown to participate in membrane repair (Bansal et al., 2003; McNeil 
et al., 2006; Mellgren et al., 2007) and in the case of calpain this has been shown 
specifically in schistosomes (Siddiqui et al., 1993). Both calpain and annexin interact with 
dysferlin (Huang et al., 2005; Lennon et al., 2003), potentially explaining why all three 
proteins were identified as potential TEM proteins in this work.  
 
Recently the TSPs have been suggested to play a key role in the formation and budding of 
small vesicles called exosomes. A large quantity of TSPs are released from the cell in 
exosomes (Hemler, 2003; Lakkaraju and Rodriguez-Boulan, 2008; Schorey and 
Bhatnagar, 2008; Zoller, 2006), and it has been suggested that TSPs orchestrate changes 
in the plasma membrane leading to the formation and budding of exosomes from the cell 
(Rana and Zoller, 2011). Although schistosome exosomes have not yet been described, 
they have been found in the related species Echinostoma caproni and Fasciola hepatica 
(Marcilla et al., 2012) as well as in the nematode Caenorhabditis elegans (Liégeois et al., 
2006). Using Exocarta (Mathivanan and Simpson, 2009), all proteins identified as potential 
members of a SmTSP-2 TEM had homologues that are known constituents of exosomes, 
the sole exception being Sm29, a protein unique to schistosomes. Given the role of the 
TSPs in exosome formation and budding and the proteins identified here as potential 
members of the SmTSP-2 TEM it is quite possible that SmTSP-2 will be found to play a 
role in exosomal processes.  
 
Apart from SmTSP-2, several other proteins identified as potential members of SmTSP-2 
TEMs are themselves potential vaccine antigens for schistosomiasis. Three have been 
shown to be promising vaccine antigens, including Sm29 (Cardoso et al., 2008), calpain 
(Zhang et al., 2001) and fructose-bisphosphate aldolase (Marques et al., 2008). Annexin is 
also currently under active investigation as a vaccine antigen (Hofmann et al., 2010). The 
susceptibility of schistosomes to vaccines targeting the proteins identified as members of 
TEMs might indicate that the disruption of the TEMs is an underlying mechanism of the 
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protection afforded by these vaccines. If this is the case, the TEMs represent an attractive 
target for multivalent vaccines targeting multiple TEM antigens. The identification of 
members of TEMs formed by other schistosome TSPs might also provide further vaccine 
or drug targets. This is particularly so in the case of Sm-TSP-3, the most abundantly 
expressed TSP in schistosomula (Gobert et al., 2010), the larval stage that develops once 
the schistosome parasite invades a new human host. The newly transformed 
schistosomulum is widely viewed as the most susceptible stage to antibody-mediated 
damage (Loukas et al., 2007) and identification of proteins forming complexes with Sm-
TSP-3 will be of great interest for the development of new vaccine antigens specifically 
targeting the schistosomulum.  
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Chapter 5 
Protein Interactions of Schistosoma mansoni DLCs and TALs 
 
5.1 Introduction 
Dynein motor complexes transport cargoes within cells along microtubules from the 
surface of the cell towards the centre of the cell. A range of subunits comprise the dynein 
motor complex, the smallest being the Dynein Light Chain (DLC) proteins. DLCs are 
known to be “hub” proteins, reflecting their interactions with a wide variety of protein 
partners (Barbar, 2008). Apart from their role in the dynein complex, a growing number of 
functions have been described for DLCs including roles in apoptosis, DNA repair, 
transcriptional regulation and nuclear transport (Rapali et al., 2011a). In schistosomes, 
DLCs are thought to be involved in transport within the tegument as DLCs typically form a 
part of dynein motor complexes. 
 
All of the subunits of the dynein motor complexes are found in the S. mansoni genome, but 
only the DLC subunit has been associated with the tegument (Braschi et al., 2006b) 
Conversely, the S. mansoni TALs, Sm20.8, Sm21.7 and Sm22.6, have been associated 
with the tegument (Braschi et al., 2006b; van Balkom et al., 2005). Tegumental localisation 
of SmDLC1 and Sm22.6 by electron microscopy was confirmed in Chapter 3 and, 
similarly, the S. japonicum homologues, SjDLC1 and Sj22.6, have also been localised to 
the tegument (Li et al., 2000; Zhang et al., 2005). Limited evidence suggests that 
schistosome tegumentary DLCs associate with TALs (Hoffmann and Strand, 1996). TALs 
are unique to the phylum Platyhelminthes and possess a high homology to DLCs at their 
C-terminal end (Hoffmann and Strand, 1997).  
 
To explore the protein interactions of S. mansoni DLCs and TALs further, a variety of 
proteomic approaches have been applied to the schistosome tegument. The work 
presented in this chapter extends the protein interaction studies of SmTSP-2 in Chapter 4 
by utilising the same techniques to identify proteins interacting with SmDLCs and SmTALs. 
However, as SmDLCs and SmTALs are located in the tegument cytoplasm or associated 
with vesicles within the tegument cytoplasm (Chapter 3), Dimethyl Suberimidate (DMS), a 
membrane permeable crosslinker, able to penetrate the apical tegument membranes, was 
used to facilitate the crosslinking of both exposed and internal protein complexes. Other 
properties of the two crosslinkers, including water solubility and spacer arm length are 
comparable, the only relevant difference between the two being membrane permeability.  
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5.2 Materials and Methods 
5.2.1 Tegumental protein crosslinking 
The tegument of 130 adult S. mansoni worm pairs were crosslinked with membrane 
permeable 5mM Dimethyl Suberimidate•2 HCl (DMS) as described in section 4.2.1. The 
crosslinking reaction was quenched with 20mM glycine in HBSS.  
 
5.2.2 SmDLC1 and Sm22.6 immunoprecipitation 
Immunoprecipitation was performed using antibodies raised against recombinant SmDLC1 
and Sm22.6 (Chapter 3) as described in section 4.2.3 using DMS crosslinked tegument 
proteins.  
 
5.2.3 In-gel tryptic digest and mass spectroscopy 
In-gel tryptic digest, mass spectroscopy and subsequent database searches were 
performed as outlined in section 4.2.4 to 4.2.6 with the exception that ProteinPilot 
(ABSciex) was used for mass spectral searches using the default parameters. Peptide and 
cysteine modifications were the same as described in Section 4.2.5. 
 
5.2.4 DLC binding motif  
Using the motif search function at the S. mansoni GeneDB (http://www.genedb.org/ 
Query/motif?taxons=Smansoni) published motifs of DLC binding partners were searched 
against the S. mansoni genome. A total of three known binding motifs (Section 1.8.4.1) 
were used as search terms to retrieve possible interacting partners of S. mansoni DLCs. 
 
  
Chapter 5 
85 
5.3 Results 
Three different methods were used to confirm hypothesised interactions between SmDLCs 
and SmTALs and to investigate the other protein interactions of SmDLCs and SmTALs in 
the S. mansoni tegument; 1) internal and external tegument proteins were crosslinked 
using DMS; 2) the BN-PAGE data generated in Chapter 4 was reanalysed to determine 
the existence of interactions between Sm22.6, SmDLC and Sm21.7; and 3) to confirm 
specific protein interactions of Sm22.6 and SmDLC1, immunoprecipitation experiments 
were performed with DMS crosslinked tegument using antibodies raised against 
recombinant Sm22.6 and SmDLC1 protein. In addition to this, known DLC binding motifs 
were searched against the S. mansoni genome to further identify possible interaction 
partners of S. mansoni DLCs.  
 
5.3.1 Isolation of protein complexes containing SmDLCs and SmTALs  
5.3.1.1 DMS crosslinking 
When DMS crosslinked tegument proteins were analysed using SDS-PAGE and their 
position on the gel identified using MS/MS, Sm22.6, Sm21.7, Sm20.8, an unknown 
SmDLC (Smp_040680) and SmDLC5 (Smp_095520) were all identified at a higher 
apparent molecular mass than expected considering their native molecular weight. They 
also exhibited slower migration when compared to their position on the SDS-PAGE gel 
when uncrosslinked tegument preparations when analysed in the same way. However, 
SmDLC1 (Smp_201060) was not specifically identified. The DLCs share high sequence 
homology in different organisms (Mohan and Hosur, 2009) and 22 different DLC isoforms 
are found in the S. mansoni genome. Although SmDLC1 was not specifically identified, 
analysis of tryptic fragments used to identify the different DLCs in this work showed that 
each specific DLC was unambiguously identified and hence the absence of SmDLC1 was 
not due to misidentification as one of the other DLCs identified. For consistency, all DLC 
protein interaction data refers to Smp_040680 which is an uncharacterised S. mansoni 
DLC. The data generated from the DMS crosslinking experiment provided too many 
identifications to identify specific DLC or TAL interactions, however, overlaps between this 
dataset and other less complex datasets was used to provide a suite of potential DLC and 
TAL interacting proteins. 
 
5.3.1.2 Blue Native-PAGE 
In BN-PAGE protein complexes are not chemically crosslinked but the detergent regime 
used to solubilise tegument preparations is designed to preserve protein complexes. 
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These protein complexes can then be detected by the slower migration of specific proteins 
on the non-denaturing BN-PAGE gels (section 4.2.2). Sm20.8 was not identified in BN-
PAGE experiments, however Sm22.6, Sm21.7 and the uncharacterised SmDLC, 
Smp_040680, were identified at a higher molecular mass than would be expected for 
these proteins. Accordingly, proteins identified in the same band as these proteins are 
potential binding partners. Sm22.6 was identified in 12 separate bands; 1, 11, 17-25 and 
27. Bands 24 and lower are at approximately native height of Sm22.6 and therefore the 
protein in these bands are not considered interaction partners. Sm21.7 was identified in 
bands 19 and 22 and SmDLC was identified in bands 19 and 20. Proteins identified in the 
same bands were considered potential interaction partners and included in further analysis 
(Figure 5.1 and 5.2, Appendix 3). 
 
5.3.1.3 Immunoprecipitation 
To validate protein complexes containing Sm22.6 and SmDLC1, antibodies specific to 
these proteins were used in separate immunoprecipitation experiments. Even though 
SmDLC1 was not specifically identified in DMS crosslinked tegument (Section 5.3.1.1), it 
was expected that the polyclonal SmDLC1 antibody could purify a variety of DLCs due to 
the similarity of these proteins and these could be unambiguously identified using tandem 
MS. Sm22.6 was immunoprecipitated from DMS crosslinked tegument preparations and 
two proteins were then identified using MS/MS, Sm22.6 and Sm29. Sm22.6 was identified 
in band 22 suggesting that uncrosslinked protein was purified and that the Sm22.6 
antibody is unable to interact with Sm22.6-containing protein complexes. When SmDLC1 
antibodies were used in an immunoprecipitation experiment no co-precipitating proteins 
were identified. 
 
The unbound fraction of immunoprecipitations performed with DMS were analysed to 
confirm that the SmTALs and SmDLCs were present in the preparation but had not been 
captured by their respective antibodies. Sm22.6 was identified in 20 bands (bands 1-9, 11-
21) and DLCs were identified in 5 bands (bands 1, 20-23) indicating both proteins were a 
part of the tegument samples applied to the immunoprecipitation experiments. This 
confirmed that the target proteins were included in the tegument protein samples used in 
immunoprecipitation experiments but protein complexes were not isolated when this 
tegument sample was used in immunoprecipitation experiments with specific antibodies. 
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In analysis of BS3 crosslinking data from Chapter 4, SmDLC1 was identified in bands 1, 3, 
4, 25 and 26. The identification of SmDLC1 in band 1, 3 and 4 suggest it was crosslinked 
in the BS3 experiment. Accordingly, immunoprecipitations, using Sm22.6 and SmDLC1 
antibodies, were repeated using BS3 crosslinked tegument proteins (following Chapter 4). 
In the Sm22.6 experiment only 3 proteins were found to be confident interaction partners, 
Sm13, an uncharacterised protein and calmodulin. In addition Sm22.6 was found at its 
expected height indicated uncrosslinked Sm22.6 was present, as would be expected for 
an internal protein crosslinked with a membrane impermeable molecule. In the SmDLC1 
experiment, once again, no significant identifications were made for potential interaction 
partners. Proteins co-eluting with SmDLC1 in the SDS-PAGE analysis of BS3 crosslinked 
tegument preparations (Chapter 4) were compared to the SDS-PAGE analysis of DMS 
crosslinked teguments and eight proteins were found to have co-eluted with SmDLC1 in 
both experiments (Figure 5.2). 
 
In lieu of validation by immunoprecipitation, which is viewed as the “gold standard” in 
protein interaction experiments, confident prediction of the interaction partners of SmTALs 
and SmDLCs is difficult. However, the crosslinking and BN-PAGE experiments provide 
some evidence of the potential interaction partners of SmTALs and SmDLCs. Comparing 
the data where SmTALs and SmDLCs are found at a higher molecular weight than would 
be expected and are common to both DMS crosslinking and BN-PAGE experiments are 
compiled in a list of potential protein interactions for SmTALs and SmDLCs. As Sm20.8 
was not found in BN-PAGE, a list of potential protein interactions cannot be generated. 
From DMS crosslinking and BN-PAGE experiments 46 proteins were found to potentially 
interact with Sm22.6 (Figure 5.1, Appendix 3), 12 proteins were found to potentially 
interact with SmDLC (Smp_040680) (Figure 5.2, Appendix 3) and 6 proteins found to 
potentially interact with Sm21.7 (Appendix 3).  
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Figure 5.1. Venn diagram indicating number of proteins associated with Sm22.6 in DMS 
crosslinking experiments (DMS) and BN-PAGE (BN). A selection of proteins common to 
both techniques are listed. 
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Figure 5.2. Venn diagram indicating number of proteins associated with SmDLC 
(Smp_040680) in DMS crosslinking experiments (DMS) and BN-PAGE (BN). All proteins 
common to both techniques are listed. * indicates a protein was identified as a SmDLC1 
interaction partner in BS3 crosslinking experiments. 
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5.3.2 DLC binding motif  
Published versions of a LC8 DLC binding motif were searched against the S. mansoni 
GeneDB to determine potential protein interactions of SmDLC. Two short LC8 DLC 
binding motifs have been previously published (Lo et al., 2001; Radnai et al., 2010) (Table 
5.1 and 5.2) and more recently a longer binding motif has been published based on the 
binding sites of known eurakyotic DLC binding partners (Rapali et al., 2011a) (Table 5.3). 
Searching the S. mansoni GeneDB with these three binding motifs revealed 76 proteins 
with the [KR]XTQT binding motif, after deleting duplicate results (Table 5.1). Six proteins 
were identified with the [DS]KX[TVI]Q[TV][DE] binding motif (Table 5.3) and four proteins 
were identified with the GIQVD binding motif (Table 5.2) 
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Table 5.1. Proteins indentified in the S. mansoni GeneDB that contain the [KR]XTQT motif. 
Accession No. Description 
Smp_213410 microcephalin-like 
Smp_016090 F box protein 38 
Smp_160140 hypothetical protein 
Smp_169430 partitioning defective 3 
Smp_161550 adenylyl cyclase associated protein 2 
Smp_152640 SWI:SNF matrix associated 
Smp_166550 translation initiation factor eIF 2B subunit 
Smp_130470 chromodomain helicase DNA binding protein 
Smp_212200 hypothetical protein 
Smp_005640 PAP:25A associated domain containing protein 
Smp_126240 twitchin 
Smp_180470 Dynein intermediate chain 
Smp_098550 E3 ubiquitin protein ligase TRIM56 
Smp_166010 protein phosphatase PP2A regulatory subunit 
Smp_176340 nuclear transcription factor Y, gamma 
Smp_042340 catenin delta 2 
Smp_127620 hypothetical protein 
Smp_095360 fatty acid binding protein 
Smp_170520 hypothetical protein 
Smp_193270 tumor susceptibility gene 101 protein 
Smp_094250 3 phosphoinositide dependent protein kinase 1 
Smp_172980 lin 7 protein 
Smp_175270 hypothetical protein 
Smp_181370 hypothetical protein 
Smp_191690 tumor susceptibility gene 101 protein 
Smp_159570 neurexin 4 
Smp_124280 hypothetical protein 
Smp_123960 hypothetical protein 
Smp_079270 LIM, zinc binding,domain containing protein 
Smp_133100 leucine rich repeat and IQ domain containing protein 
Smp_006740 major vault protein 
Smp_066820 integrator complex subunit 6 
Smp_210820 rhodopsin kinase 
Smp_083710 Fanconi anemia, complementation group M 
Smp_040970 vacuolar proton atpases 
Smp_106930 heat shock protein 70 
Smp_147970 kinesin protein KIF14 
Smp_094680 heat shock protein 70 
Smp_127190 hypothetical protein 
Smp_103990 RNA binding protein 42 
Smp_194370 vacuolar protein sorting associated protein 11 
Smp_126430 hypothetical protein 
Chapter 5 
92 
Smp_000830 homeobox protein smox-3 
Smp_162140 dynein light chain 
Smp_186930 homeobox protein nk 2 ; neural gene activation 
Smp_201390 hypothetical protein 
Smp_140660 centrosomal protein of 135 kda 
Smp_049160 zinc finger protein 
Smp_167040 Dynein intermediate chain 
Smp_134670 ral gtpase activating 
Smp_123000 ski oncogene 
Smp_023940 golgin subfamily a member 
Smp_004730 voltage-dependent calcium channel 
Smp_143620 
muscle specific protein h; muscle specific protein d; muscle specific 
protein b 
Smp_129650 isoleucyl tRNA synthetase, mitochondrial 
Smp_175510 hypothetical protein 
Smp_127510 myosin XV 
Smp_069600 ATP dependent DNA helicase Q4 
Smp_197770 ERC protein 2 
Smp_143180 zinc finger protein 
Smp_145330 hypothetical protein 
Smp_062400 hypothetical protein 
Smp_150280 leucine rich repeats containing F box 
Smp_050380 mitogen activated protein kinase kinase kinase 
Smp_149040 phosphorylase b kinase regulatory 
Smp_143660 midasin 
Smp_155170 egg protein CP391S 
Smp_130260 hypothetical protein 
Smp_198330 zinc finger protein 291 
Smp_168050 long chain fatty acid coenzyme A ligase 
Smp_043430 hypothetical protein 
Smp_146900 DnaJ protein subfamily C 1 
Smp_064870 Dynein intermediate chain 
Smp_139760 Kinesin Light Chain family member (klc 2) 
Smp_073450 hypothetical protein 
Smp_204040 hypothetical protein 
 
 
Table 5.2 Proteins identified in the S. mansoni GeneDB that contain the GIQVD motif. 
Accession No. Description 
Smp_019820 hypothetical protein 
Smp_028170 hypothetical protein 
Smp_154780 trimethylguanosine synthase 
Smp_132420 Rotatin 
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Table 5.3 Proteins identified in the S. mansoni GeneDB that contain the 
[DS]KX[TVI]Q[TV][DE] motif. 
Accession No. Description 
Smp_212750 smad 
Smp_169360 kinesin protein kif26a 
Smp_154350 hypothetical protein 
Smp_211150 MAGUK p55 subfamily 
Smp_170390 protein kinase C binding protein 1 
Smp_045600 hypothetical protein 
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5.4 Discussion 
Typically, DLCs are a subunit of dynein motor complexes, however DLCs are also “hub” 
proteins and are predicted to interact with a range of proteins outside of the dynein 
complex. The biological function of SmTALs is unknown, although there is limited evidence 
they interact with SmDLCs (Hoffmann and Strand, 1996). In this chapter proteomic 
methods have been applied to the schistosome tegument to confirm the interaction 
between SmDLCs and SmTALs and the interaction between these proteins and other 
proteins in the schistosome tegument. Chemical crosslinking and fractionation of protein 
complexes in their native state by BN-PAGE were used to identify protein complexes in the 
tegument. As with Chapter 4, immunoprecipitation was used to validate potential 
interactions identified in crosslinking and BN-PAGE experiments using SmDLC1 and 
Sm22.6 specific antibodies and crosslinked tegument.  
 
This study includes three SmTALs of interest (Section 3.2.1). A total of 13 TALs were 
found in the S. mansoni genome (Fitzsimmons et al., 2012). From the tegumental 
proteomic data generated, 5 of the 13 known TALs in the S. mansoni genome are found in 
the tegument, these being Sm22.6 (SmTAL1), Sm21.7 (SmTAL2), Sm20.8 (SmTAL3), 
SmTAL10 and SmTAL11. Based on this finding, we can speculate that not all schistosome 
TALs are specific to the tegument, but some are localised throughout the adult parasite 
and occur at different stages of the parasite life cycle. The expression patterns of 
SmTAL10 and SmTAL11 (Fitzsimmons et al., 2012) indicate that they are highly 
expressed in adult stages. Sm21.6 (SmTAL8) was localised predominately to the 
tegument (Lopes et al., 2009), although given the magnification used in that paper, the 
exact localisation in the tegument remains uncertain and has not as yet been confirmed.  
 
To determine the protein interaction partners of SmDLCs and SmTALs the results of 
protein crosslinking and BN-PAGE data were compared (Figure 5.1 and 5.2, Appendix 3). 
Unfortunately, the results from crosslinking and BN-PAGE could not be validated by 
immunoprecipitation methods. To explore why immunoprecipitation experiments did not 
provide useful interaction data, an unbound sample from wash through was analysed by 
mass spectrometry. All proteins of interest were found at higher than expected molecular 
weights. This indicates that the complexes of interest are in the crosslinked tegument 
protein sample but are not able to be purified using the antibody-bound protein-G 
sepharose beads used in my study. A possible explanation for this result is steric 
interference, that is the protein complexes linked by the protein crosslinkers are large and 
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did not allow binding to the sepharose-bound antibody. Typical dynein motors are 
estimated to be over one mDa in size (King, 2000). If tegumental DLCs were a part of a 
typical dynein motor complex, this could explain why the complexes did not bind to the 
antibody. To further explore large protein complexes in the S. mansoni tegument after 
crosslinking and BN-PAGE other methods could be applied. Fractionating the protein 
sample on lower percentage acrylamide gels followed by gel purification and mass 
spectral anaylsis would isolate large protein complexes. Additionally, 2D electrophoresis or 
OFFGEL separation of protein samples could isolate large protein complexes. Without 
reliable immunoprecipitation results in this Chapter, comparison of the crosslinking and 
BN-PAGE data provides some evidence of the protein interaction partners of SmDLCs and 
SmTALs. By comparing the interaction data obtained from DMS crosslinking experiments 
and BN-PAGE a relatively small subset of potential interaction partners was generated 
(Figure 5.1 and 5.2, Appendix 3). 
 
It is known that DLCs are “hub” proteins and are predicted to interact with a wide range of 
proteins (Rapali et al., 2011a). Twelve potential protein interaction partners were found 
here (Figure 5.2). Two TALs, Sm22.6 and Sm21.7, were predicted to be interaction 
partners of SmDLCs, confirming a possible interaction between SmDLCs and SmTALs. 
Here, the interaction between Sm20.8 and SmDLC, previously described by Hoffmann and 
Strand (1996), could not be confirmed. Furthermore, typical subunits of dynein motor 
complexes or other transport proteins were not found as interaction partners, which 
suggests that SmDLCs isolated from the tegument are not a part of dynein-specific 
transport mechanisms in the tegument. Additionally, a schistosome specific protein, Sm29, 
was identified as an interaction partner. Sm29 is a vaccine candidate with unknown 
biological function (Cardoso et al., 2008). Three proteins involved in the 
glycolysis/gluconeogenesis pathways were identified to interact with SmDLCs, an 
important pathway to meet the energy requirement for the parasite. Glutathione s-
transferase 28 was identified. This molecule has roles in detoxification processes within 
the cell and has been tested as a vaccine candidate.  
 
There are 42 proteins that potentially interact with Sm22.6, suggesting that this TAL has a 
role in a variety of biological functions (Figure 5.1). Another TAL, Sm21.7, along with DLC, 
was identified as a partner. All proteins components of the SmTSP-2 TEM, with the 
exception of alkaline phosphatase (Chapter 4) were also found to be associated with 
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Sm22.6, including SmTSP-2 itself. Eleven proteins related to the glycolysis/ 
gluconeogenesis pathways were identified as potential partners.  
 
Sm21.7 was found to have six possible protein partners, fewer than Sm22.6. Of the six 
proteins identified, all are also found to be associated with Sm22.6, including Sm22.6 
itself. Sm21.7 was identified to bind a SmDLC. Sm21.7 also bound gluathione s-
transferase 26, a component of the MAPK cell signalling pathways, potentially implicating 
this TAL as part of signalling pathway.  
 
Of the protein interaction predictions made here, there were some proteins common 
between the groups. The TALs Sm22.6 and Sm21.7 were found to potentially interact with 
protein 14-3-3, which is implicated in the regulation of numerous signalling pathways 
through binding to phosphorylated proteins (Kusel et al., 2007). I-TEM studies of a 14-3-3 
isoform in S. mansoni confirmed its location in the tegument of adults and cercariae and in 
the reproductive organs of adult males and females (Schechtman et al., 2001b). 
Vaccination of mice with either free 14-3-3 or 14-3-3 within a fusion protein gave 25-46% 
protection against challenge infections (Schechtman et al., 2001a). The biological role of 
14-3-3 in schistosomes is not known, although it has been implicated in TGF-β signalling 
pathways (McGonigle et al., 2002)  
 
Sm22.6 was found to potentially interact with a number of calcium binding proteins 
(calcium-transporting atpase, SmIrv1, calpain), which suggests it may be involved with 
calcium regulation in the tegument and as a second messenger in signalling pathways. 
Calpain was also found to be linked to the SmTSP-2 TEMs (Chapter 4) and has 
speculated roles in tegument turnover (Siddiqui et al., 1993). SmIrV1 is a known 
schistosome antigen (Hawn et al., 1993). This protein has enhanced immunogenicity in 
mice with protective immunity against schistosomiasis. It was identified here as a possible 
interaction partner of Sm22.6. SmIrV1 has similarity to calnexin, a protein involved in 
protein folding and calcium binding (Hawn et al., 1993). Three calcium transporting 
ATPases have been described for S. mansoni and are thought to be involved in the 
calcium homeostasis including uptake and removal of calcium (Da'dara et al., 2001).  
 
In this study, it was found that Sm22.6 and SmDLC are associated with proteins involved 
in chaperone function, protein degradation and immunomodulation (Figure 5.1, Figure 5.2 
and Appendix 3). Sm22.6 and SmDLC were found to associate with heat shock proteins, 
Chapter 5 
97 
proteins which are molecular chaperones and possess extracellular immunomodulatory 
functions and are often induced after stress (Yang et al., 2012). SmDLC was found to 
associate with a dj-1 (park7), a homologue of his protein is implicated in Parkinsons 
disease (Ariga et al., 2013). The function of dj-1 is regulated by oxidative stress and has 
roles as a chaperone, protease and transcriptional regulation (Ariga et al., 2013). 
Additionally, Sm22.6 was found to be associated with a serpin. Serpins are thought to 
have an immunomodulatory effect in schistosomes (Molehin et al., 2012). In addition, 
Sm22.6 was associated with ubiqutin and a proteasome that work together to degrade 
proteins (Pereira et al., 2014).  
 
Using searches of the S. mansoni GeneDB with known DLC binding motifs we have 
expanded the pool of possible interaction partners of S. mansoni LC8 DLCs. A drawback 
of this search it that it does not differentiate between stages of the parasite or location of 
the protein within the parasite. The proteins identified in these searches are not tegument 
specific but do give a general overview of molecules with motifs for interactions with LC8 
DLCs. Interestingly, SmTALs were not identified as interacting partners. Furthermore, 
there was no overlap between potential partners observed here by DMS, BN-PAGE 
experiments, and that of the predictions found in the motif search. 
 
A total of 76 proteins containing the binding motif [KR]XTQT (Table 5.1) were identified in 
the S. mansoni genome. Dynein intermediate chains were identified, suggesting typical 
dynein complexes do occur in schistosome as DLCs usually bind to dynein intermediate 
chains in the dynein complex. A DLC was identified along with kinesin light chain. An 
unconventional myosin XV was also identified to have this motif, however, there is no 
literature about this myosin in schistosomes or other helminths. In mammals, this myosin 
is important for development and maintenance of stereocilia of the inner ear (Anderson et 
al., 2000). In Drosophila, a myosin XV homolog was found to coordinate actin and 
microtubules of cells and their dynamic actin-containing filopodia (Liu et al., 2008). 
 
Additionally, a total of 18 hypothetical proteins were found to possess the [KR]XTQT 
binding motif. These proteins lack homology with proteins in other organisms. A total of 
four proteins were identified that contain the GIQVD motif (Table 5.2). Among them, two 
hypothetical proteins were identified. Trimethylguanosine synthase was identified. This 
molecule is an enzyme that catalyses demethylation of 5‟ mRNA caps. Rotatin a molecule 
important for maintaining important for cilary structure, was identified with the motif. A total 
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of 6 proteins were identified that contain the [DS]KX[TVI]Q[TV][DE] motif (Table 5.3). Two 
hypothetical proteins were identified. The remaining four proteins have roles is cell 
signalling and signal transduction. 
 
The work has identified a range of proteins that potentially interact with SmDLCs and 
SmTALs. Without the verification of results by immunoprecipitation experiments the data 
presented in this chapter are only potential interaction partners. Typically, yeast-2-hybrid 
experiments have successfully identified protein interactions and this is the most common 
technique used to explore protein-protein interactions. The application of this technique to 
this study could result in successful identification of protein interaction partners. 
Interestingly, in each experiment performed in this study the only dynein motor complex 
subunits to be identified were DLC and dynein intermediate chains (DIC). If typical dynein 
molecular motors do exist in the schistosome tegument, extra methods need to be applied 
to detect these larger molecules. 
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Chapter 6 
Functional characterisation of Schistosoma mansoni DLCs and TALs 
 
6.1 Introduction 
The biological functions of DLCs and TALs in the schistosome tegument remain unknown, 
although they are highly abundant antigens and appear to play an important role in 
maintaining the parasite surface. Little is known of the function of these molecules in 
schistosomes, usually DLCs are components of major macromolecular complexes, the 
dynein motor complex, that transport components within cells. There is no evidence that 
typical dynein motor complexes occur in the tegument of schistosomes, however it is 
possible that DLCs interact with a variety of proteins as they do in other organisms. 
 
RNA interference (RNAi) is induced by soaking or electroporating with small interfering 
RNA (siRNA) or double stranded RNA (dsRNA) which leads to the degradation of target 
mRNA. In schistosomes, RNAi applied to schistosomula and adults has become a proven 
method to assess gene function. It has been shown that RNAi applied to schistosomes 
results in high efficiency knockdown and leads to distinct phenotypes within the parasite 
(Krautz-Peterson et al., 2010; Stefanic et al., 2010; Tran et al., 2010). In addition, the 
redundancy of DLCs and TALs is assessed after RNAi. In other systems it has been 
shown that RNAi can induce double knock-down (Schuck et al., 2004). Given the similarity 
of members of the DLC and TAL protein families, investigating the redundancy of these 
proteins is warranted. 
 
In this chapter, I present the application of RNAi to schistosomula and adult S. mansoni to 
assess the function of DLCs and TALs in these parasites. After RNAi experimentation, the 
level of transcription knockdown was quantified by real-time PCR, the level of protein 
knockdown assessed by Western blot and morphological analysis performed by 
transmission electron microscopy.  
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6.2 Materials and Methods 
6.2.1 Double Stranded RNA synthesis  
A search was performed using BLAST for off-target genes, those genes other than target 
SmTALs and SmDLCs genes that could be knocked down by RNAi interference 
experimentation. For this, full length sequences were searched using the BLAST function 
on the S. mansoni GeneDB (http://www.genedb.org), with a cut-off of an E-value of 1000 
and gene segments of 18 nucleotides or longer with 100% sequence identity in other 
genes used as parameters for screening.  
 
Gene specific DNA was amplified from cDNA comprised of a mix of life cycle stages 
(Section 3.2.3) using primers designed to amplify the full length sequence with the addition 
of the T7 RNA polymerase promoter sequence (Table 6.1). Negative controls used were 
firefly luciferase plasmid provided by Dr Mai Tran (Tran et al., 2010) or Discosoma sp. 
fluorescent protein, mCherry, plasmid provided by Dr Conor Caffrey (Stefanic et al., 2010). 
Cathepsin B1 plasmid was provided by Dr Conor Caffrey (Stefanic et al., 2010) and used 
as a positive control in one experiment. Double stranded (dsRNA) was synthesised using 
MEGAscript® RNAi Kit or MEGAscript® T7 Transcription Kit (Life Technologies) according 
to manufacturer‟s instructions. 
 
Table 6.1. Primers used for dsRNA synthesis. The T7 RNA polymerase promoter 
sequence is in bold.  
 Primer Pair Sequence (5‟-3‟)  
Gene Forward Reverse 
Sm20.8 TAATACGACTCACTATAGGGAGA 
GATGATATGATGGTTACAAAATGG 
TAATACGACTCACTATAGGGAGA 
GCACTGGTTATTTCTTCATCTGG 
Sm21.7 TAATACGACTCACTATAGGGAGA 
CTTCGTGATGGTGATGAAACTG 
TAATACGACTCACTATAGGGAGA 
TGGTGTACGCCAAGCAAGTA 
Sm22.6 TAATACGACTCACTATAGGGAGA 
TGGAAGAGTTTATTAGGGCATTT 
TAATACGACTCACTATAGGGAGA 
GGTGTTCTCCATGCTAAACAGA 
SmDLC1 TAATACGACTCACTATAGGGAGA 
GCTGATATGCATGAAGATATG 
TAATACGACTCACTATAGGGAGA 
GGATTTGAAGAGGAGGAATG 
SmDLC5 TAATACGACTCACTATAGGGAGA 
GATATGAGTGAAGAAATGCAAG 
TAATACGACTCACTATAGGGAGA 
TTTCATCCTGATTTAAAAAGAAGGA 
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6.2.2 Gene knockdown with dsRNA in schistosomula 
Cercariae were mechanically transformed to produce schistosomula. Experimentally 
infected Biomphalaria glabrata snails were exposed to light for 1 hour and the cercariae 
harvested. Schistosomula were obtained by passing cercariae through a 22 gauge 
emulsifying needle to remove the cercarial body from the tail (Salafsky et al., 1988). The 
tails were removed by pipetting before experimentation. Groups of 400-600 schistosomula 
were cultured in 24 well tissue culture plates at 37°C with 5% CO2 in Medium 169 (Basch, 
1981). RNAi was performed by soaking or by electroporation with gene specific dsRNA. 
 
In the first experiment, schistosomula were soaked in 30 μg of gene specific dsRNA in 1 
ml complete Basch media (Basch, 1981) added to each well every two days for one week. 
Within this experiment SmTALs (Sm20.8, Sm21.7 and Sm22.6) and SmDLCs (SmDLC1 
and SmDLC5) were treated in separate experiments with three controls, including a no 
dsRNA control, mCherry as a negative control and Cathepsin B1 as a positive control. 
After the experiment, parasites were washed three times in incomplete Basch‟s media and 
resuspended in 150 μl of RNAlater. Samples were left at 4°C overnight and then stored at 
-20°C until use. Schistosomula were transferred to Trizol (Invitrogen) for RNA extraction. A 
subset of the SmTALs (Sm20.8, Sm21.7, Sm22.6) and SmDLCs (SmDLC1 and SmDLC5) 
were cultured for a total of three or two weeks, respectively with 30 μg of gene specific 
dsRNA in 1 ml complete Basch media added every two days. At the conclusion of the 
experiment these parasites were washed in media and transferred to 3% glutaraldehyde in 
0.1M phosphate buffer, pH7.4 for electron microscopy. 
 
In the second experiment, schistosomula were electroporated by transferring 
schistosomula to a 0.4cm Gene Pulser cuvette (Biorad) with 50 μl electroporation buffer 
(150mM sucrose, 27 mM Na2HPO4, pH7.5) containing 10 μg of gene specific dsRNA and 
electroporated using GenePulser Xcell CE electroporation apparatus (Biorad) with a single 
pulse square wave at 125V for 20 ms. Schistosomula were cultured for 1 week at 37°C 
with 5% CO2 with media changes every 2 days. At the conclusion of the experiment, 
schistosomula were washed in media and then either stored in Trizol (Invitrogen) at -80°C 
until use for RNA extraction, transferred to 3% glutaraldehyde in 0.1M phosphate buffer, 
pH7.4 for electron microscopy or stored with no liquid at -80°C for protein extraction.  
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6.2.3 Gene knockdown with dsRNA in adult worms 
Schistosoma mansoni infected ARC Swiss mice were perfused with warmed (37°C) RPMI 
1640 (Life Technologies). Groups of 6 worm pairs were cultured in 24 well tissue culture 
plates at 37°C with 5% CO2 in DMEM 11965 (Gibco) media with 10% Foetal Bovine 
Serum (FBS) (Gibco) and 2% Penicillin/streptomycin. After 24 hours, electroporation was 
carried out by transferring worms to a 0.4cm Gene Pulser cuvette (Biorad) with 50 μl 
electroporation buffer (150 mM sucrose, 27 mM Na2HPO4, pH7.5) containing 10 μg of 
gene specific dsRNA and electroporated using GenePulser Xcell CE electroporation 
apparatus (Biorad) with a single pulse square wave at 125V for 20 ms. Worms were 
cultured for 1 week at 37°C with 5% CO2 with media changes every 2 days. At the 
conclusion of the experiment, adult pairs were either stored in Trizol (Invitrogen) at -80°C 
until use for RNA extraction, transferred to 3% glutaraldehyde in 0.1M phosphate buffer, 
pH7.4 for electron microscopy or stored with no liquid at -80°C for protein extraction. 
 
6.2.4 Real-Time PCR after dsRNA treatment 
Schistosomula or adults worms were homogenised in Trizol and total RNA extracted 
according to manufacturer‟s instructions. The remaining DNA was removed from the RNA 
samples by RQ1 RNase-free DNase treatment (Promega) and cDNA was synthesised with 
QuantiTect Whole Transcriptome Kit (QIAGEN). Alternatively, cDNA was synthesised with 
Reverse Transcriptase Kit (QIAGEN). 
 
Real-time PCR experiments were performed as previously described (Section 3.2.3) with 
cDNA diluted to 5 ng/μl (Experiment 1) or 10 ng/μl (Experiment 2 and 3) and using the 
forward and reverse primers listed in Table 3.2. For the positive control, S. mansoni 
Cathepsin B1 forward (5‟-ACTTGGTGGGCACGCTATAC-3‟) and reverse (5‟- 
GGCTGTTACCTCGGATTCAA-3‟) primers was used. Gene redundancy was explored by 
real-time PCR (Section 3.2.3) using gene-specific primers (Table 3.2) with the cDNA from 
each RNAi knockdown treatment. Percentage expression was calculated by comparing the 
copy numbers of parasites treated with gene specific dsRNA to those treated with control 
dsRNA (mCherry or luciferase). 
 
6.2.5 Protein quantitation by Western blot after RNAi 
The protein knockdown was analysed for the second schistosomula experiment and the 
adult experiment (Section 6.2.3 and 6.2.4). Proteins were extracted from control 
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(luciferase), Sm22.6 and SmDLC1 dsRNA treated parasites only, as antibodies to 
recombinant Sm22.6 and SmDLC1 only were available. 
Proteins were extracted from schistosomula according to modified SWAP protocol (You et 
al., 2010). Briefly, parasites were homogenised in 20 mM Tris (pH 7.4) containing 1 mM 
EDTA and a protease inhibitor cocktail (Roche) on ice and 1% SDS added. Proteins were 
isolated from adult parasites using the interphase and organic phase collected during the 
Trizol RNA isolation procedure (6.2.4), according to manufacturer‟s instructions. The 
concentration of each protein sample was assessed by BCA protein assay (Thermo 
Scientific).  
 
Five µg of each protein sample was added to 4× Laemmli sample buffer (LSB, 62.5 mM 1M 
Tris, pH6.8, 2% SDS, 0.05% bromophenol blue, 20% Glycerol, 0.71 mM β-
mercaptoethanol) was added to a final concentration of 1× to each sample before boiling 
for 5 minutes at 95°C. The samples were then applied to 1-mm-thick 4% stacking, 12% 
resolving gel for SDS-PAGE. Electrophoresis was carried out at 100 V for 20 minutes and 
then 200 V for 50 minutes. Proteins were transferred to pre-wet polyvinylidene fluoride 
(PVDF) membrane at 200 mA for 1 hour. The membranes were blocked in 50% Odyssey® 
blocking buffer (LI-COR® Biosciences) in 1x PBS for 1 hour with shaking. Polyclonal rabbit 
anti-Sm22.6 and -SmDLC1 primary antibody (Chapter 3) were diluted 1:5000 in 50% 
Odyssey® blocking buffer in 1x PBS plus 0.1% Tween-20 (PBS-T). To confirm equal 
loading of protein in each lane, five µg of protein was probed with 1:500 rabbit anti-beta-
actin polycolonal antibody (Biolegend) diluted in 50% Odyssey® blocking buffer in PBS-T. 
Each membrane was incubated at 4°C overnight and the next day the membranes were 
washed 4 times for 5 minutes with PBS-T. The secondary antibody, goat anti-rabbit IRDye 
800CW (LI-COR®), was added at 1:15000 dilution in 50% Odyssey® blocking buffer in 
PBS-T and the membrane incubated for 1 hour at room temperature with shaking. The 
membranes were washed 4 times for 5 minutes with PBS-T with a final wash in pure MilliQ 
water. Immunoreactive proteins were visualised using Odyssey imaging system (LI-
COR®).  
 
To determine the relative protein expression levels of Sm22.6 and SmDLC1 in Sm22.6, 
SmDLC1, luciferase dsRNA treated parasites the immunoreactivity of target and control 
proteins were quantified using ImageJ Analyisis Software (NIH, Bethesda, USA). To 
compensate for any variations in protein loading, the band intensity of test antibody was 
normalised against the band intensity of beta-actin found in each lane.  
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6.2.6 Electron microscopy  
The parasites that were previously fixed in 3% glutaradehyde in 0.1M phosphate buffer at 
pH 7.4 were processed for electron microscopy following Tran et al. (2010). Briefly, the 
parasites were fixed in potassium ferricyanide-reduced osmium tetroxide. After fixation, 
parasites were dehydrated in acetone and embedded in Epon Resin (ProSciTech). 
Ultrathin sections were mounted onto copper grids, contrasted in uranyl acetate and lead 
citrate and examined and photographed using a JEM 1011 transmission electron 
microscope operated at 80 kV and equipped with a digital camera.  
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6.3 Results 
6.3.1 dsRNA mediated knockdown 
The analysis of off-target genes for all dsRNA treatments was assessed before RNAi 
experimentation. The Sm20.8 and Sm21.7 TALs, did not have any identified off-target 
genes. One off-target gene was identified for Sm22.6. This off-target was a gene encoding 
exportin 6 (Smp_169630). Five off-target genes were identified for SmDLC1, these being 
other DLCs. Five off-target genes were identified for SmDLC5, these being three other 
DLCs and two genes encoding unknown proteins. Due to the high homology of the DLC 
family, it is not surprising to find regions of similarity in these transcripts. 
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6.3.1.1 Experiment 1 – Schistosomula 
In the first experiment with schistosomula, SmTALs and SmDLCs were treated separately, 
with separate controls, and the resulting knockdown assessed separately. The 
transcriptional suppression of Sm20.8, Sm21.7 and Sm22.6 was consistently above 90% 
while the knockdown of the positive control cathepsin B1, was slightly lower at 88.8% 
(Figure 6.1A). The knockdown of SmDLC1 and SmDLC5 and cathepsin B1 was 
comparable with knockdown up to 99.5% observed (Figure 6.1B). 
 
Figure 6.1. Transcriptional abundance of SmTALs (A) and SmDLCs (B) in S. mansoni 
schistosomula soaked with transcript-specific dsRNA compared with mCherry dsRNA. 
Percentage knockdown is indicated above each data pair. Cathepsin B1 was included as a 
positive control. 
 
  
A 
B 
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6.3.1.2 Experiment 2 - Schistosomula 
In the second schistosomula experiment, high levels of knockdown was observed (Figure 
6.2). The lowest knockdown was observed for SmDLC1 (97.4%) and the highest 
knockdown was observed for Sm21.7 (99.98%). 
 
 
Figure 6.2. Transcript abundance of SmTALs and SmDLCs in S. mansoni schistosomula 
electroporated with transcript-specific dsRNA compared with firefly luciferase dsRNA. 
Percentage knockdown is indicated above each data pair. 
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6.3.1.3 Experiment 3 - Adults 
In the adult experiment, high levels of knockdown were observed when compared to the 
luciferase control (Figure 6.3). The lowest level knockdown was observed for SmDLC1 
(93.0%) and the highest knockdown was observed for Sm20.8 (98.5%). 
 
Figure 6.3. Expression levels of SmTALs and SmDLCs in S. mansoni adult worm pairs 
electroporated with transcript-specific dsRNA compared with firefly luciferase dsRNA. 
Percentage knockdown is indicated above each data pair. 
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6.3.2 Redundancy of SmTALs and SmDLCs 
To explore the potential of redundancy between the SmTALs and SmDLCs the expression 
levels of each SmTAL and SmDLC was analysed for each dsRNA treated parasite. The 
transcript abundance were compared to that of mCherry or luciferase for each treatment 
and a relative level of gene expression obtained. A transcript abundance of 100% is 
considered a normal expression. A value lower than 100% indicates knockdown while a 
value above 100% represents an increase in transcription. 
 
6.3.2.1 Experiment 1 – Schistosomula 
Table 6.2 shows the percentage of expression for each transcript from each dsRNA 
treatment group for the first schistosomula experiment. Sm20.8 was up regulated in each 
of the other dsRNA treatments, with the highest expression for sm20.8 was observed in 
the SmDLC dsRNA treated parasites. When Sm20.8 was specifically knocked down the 
relative abundance of all the other transcripts increased by 47 to 100%. When Sm21.7 
was specifically knocked down the expression of Sm22.6 and SmDLC5 stayed at a normal 
level while Sm20.8 and SmDLC1 increase to levels between 100 to 144% relative to 
controls. When Sm22.6 was specifically knocked down the relative abundance of SmDLC1 
remained consistent while Sm20.8, Sm21.7 and SmDLC5 increased. When SmDLC1 was 
specifically knocked down the relative abundance of SmDLC5 remained consistent while 
the relative abundance of each of the TALs increased markedly. The same was observed 
for SmDLC5 knockdown, wherein SmDLC1 remains consistent while TALs levels 
increased. 
 
Table 6.2. Redundancy of transcripts in S. mansoni schistosomula experiment. The values 
indicate percentage expression when compared to mCherry dsRNA treatment. 
T
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dsRNA treatment 
Sm20.8 Sm21.7 Sm22.6 SmDLC1 SmDLC5 
Sm20.8 1.33 244.64 1256.32 6846.28 2471.18 
Sm21.7 188.87 0.04 361.04 662.83 329.53 
Sm22.6 200.39 126.30 9.55 497.46 255.29 
SmDLC1 171.93 203.95 107.64 0.49 117.03 
SmDLC5 147.69 91.67 315.05 150.21 1.26 
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6.2.3.2 Experiment 2 – Schistosomula 
The most striking feature of the redundancy table for the second RNAi experiment is that 
the transcription of Sm21.7 is markedly increased in each of the other dsRNA treatment 
groups (Table 6.3). The relative abundance of Sm22.6 is not observed over 100% in any 
dsRNA treatment. In fact the lowest relative abundance for Sm22.6 is observed when 
parasites were treated with SmDLC1 dsRNA, lower than the expression of Sm22.6 when 
Sm22.6 was specifically knocked down.  
 
When Sm21.7 and Sm22.6 are specifically knocked down the relative abundance of 
SmDLC1 and SmDLC5 increases by 260% to 1150%. In addition when Sm22.6, SmDLC1 
and SmDLC5 are specifically knocked down the relative abundance of Sm20.8 increases 
by ~300%, however, when Sm21.7 is knocked down the expression of Sm20.8 decreases. 
When SmDLC1 is knocked down the relative abundance of SmDLC5 decreased to 77%, 
however, when SmDLC5 is knocked down that of SmDLC1 increases by 270%. 
 
Table 6.3. Redundancy of transcripts in S. mansoni schistosomula experiment. The values 
indicate percentage expression when compared to luciferase dsRNA treatment. 
 
dsRNA treatment 
Sm20.8 Sm21.7 Sm22.6 SmDLC1 SmDLC5 
T
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Sm20.8 0.08 33.01 414.30 452.94 440.93 
Sm21.7 10612.61 0.02 78520.66 6345.84 6076.71 
Sm22.6 69.26 35.93 13.58 7.95 82.56 
SmDLC1 190.61 363.48 1630.08 0.23 376.94 
SmDLC5 255.60 857.22 1099.87 76.77 0.31 
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6.2.3.3 Experiment 3 – Adult Worm Pairs 
The redundancy of SmTALs and SmDLCs in adults after dsRNA treatment differs from the 
general results seen in schistosomula (Table 6.4). There are no transcripts where the 
expression is greatly increased or decreased, except for transcripts that are specifically 
knocked down by RNAi. The expression of transcripts in all RNAi treatment groups 
remains stable from 83 to 120%. The lowest expression is observed in the Sm22.6 
treatment where the expression of SmDLC1 is 62%. The highest expression is observed in 
the Sm20.8 RNAi treatment where the expression of Sm21.7 increases to 138% and in the 
reciprocal treatment and analysis the expression of Sm20.8 increases to 130% in the 
Sm21.7 RNAi treatment. 
 
Table 6.4. Redundancy of transcripts in S. mansoni adult RNAi experiment. The values 
indicate percentage expression when compared to luciferase dsRNA treatment. 
 
dsRNA treatment 
Sm20.8 Sm21.7 Sm22.6 SmDLC1 SmDLC5 
T
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n
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Sm20.8 1.45 130.35 78.28 115.99 85.01 
Sm21.7 138.86 3.64 79.87 107.00 83.54 
Sm22.6 95.91 83.50 1.83 86.48 70.04 
SmDLC1 90.84 86.62 61.97 6.96 85.01 
SmDLC5 112.72 114.23 85.32 121.15 4.78 
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6.3.4 Protein knockdown after RNAi 
In each RNAi experiment the levels of transcript were successfully knocked down. To 
investigate whether this led to a decrease in protein production, Western blots were 
performed. As access to only antibodies raised against recombinant Sm22.6 and SmDLC1 
were available, the levels of these proteins were determined in dsRNA treatment groups 
and controls.  
 
6.3.4.1 Experiment 2 – Schistosomula 
Proteins extracted from luciferase, Sm22.6 and SmDLC1 dsRNA treated schistosomula 
probed with a beta actin antibody did not reveal any immunoreactive bands (data not 
shown). In an attempt to show consistent protein loading across all wells each dsRNA 
treatment was probed with both Sm22.6 and SmDLC1 antibodies (Figure 6.4). While 
Sm22.6 and luciferase protein probed with Sm22.6 antibodies does show difference of 
intensity, however the same is seen when probed with SmDLC1 protein. The intensity of 
bands observed in luciferase and SmDLC1 dsRNA treated schistosomula when probed 
with both SmDLC1 and Sm22.6 antibodies is consistent. This result indicates no protein 
knockdown in schistosomula treated with SmDLC1 dsRNA. 
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Figure 6.4. Protein knockdown after RNA interference. Western blot of protein extracted 
from Sm22.6, SmDLC1 and luciferase dsRNA treated S. mansoni schistosomula probed 
with Sm22.6 or SmDLC1 antibodies.  
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6.3.4.2 Experiment 3 – Adults 
As a loading control beta actin antibody was used to assess the loading of luciferase, 
Sm22.6 and SmDLC1 treatment groups and was also used to normalise the intensity of 
the bands in each treatment. 
 
Protein knockdown in the RNAi experiment performed in S. mansoni adult worm pairs 
resulted in a 25.35% decrease in Sm22.6 and 27.36% decrease in SmDLC1 protein when 
compared to the luciferase control (Figure 6.5) 
Figure 6.5. Protein knockdown after RNA interference. Western blot of protein extracted 
from Sm22.6, SmDLC1 and luciferase dsRNA treated adult S. mansoni worm pairs probed 
with beta-actin, Sm22.6 or SmDLC1 antibodies. A reduction in Sm22.6 (A) and SmDLC1 
(B) protein was observed. 
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6.3.5 RNAi induced phenotype  
For the duration of each schistosomula experiment, the development of the schistosomula 
did not differ from the control. Accordingly, changes induced by RNAi may be only visible 
at higher magnification using electron microscopy. For both of the schistosomula 
experiments, parasites were prepared for electron microscopy, however, due to technical 
difficulties with preparation, samples were not suitable for sectioning. 
 
For experiment 1, light micrographs were taken of schistosomula and counts were made of 
live (extant, clear appearance) and dead (rounded, gray homogenous matrix) parasites 
counted. There were no significant differences between the percentage of dead parasites 
in dsRNA treated groups when compared to controls (data not shown). 
 
6.3.5.1 Experiment 3 - Adults 
After electroporation with specific dsRNA adult worms pairs were cultured for one week. 
For the duration of the experiment the condition of the parasites was monitored by light 
microscopy. In each of the treatment groups, the worm pairs produced eggs in culture, 
indicating the RNAi experimentation did not hinder reproduction. The movement of worms 
in culture appeared to be reduced in the SmTAL and SmDLC dsRNA treated worms when 
compared to the luciferase controls. In males this was more prominent where the 
contractions and muscle movement along the length of the worm appeared reduced when 
compared to the control worms.  
 
At the conclusion of the RNAi experiment, adult worm pairs were processed for electron 
microscopy in order to observe differences in the tegument structure after RNAi (Figure 
6.6). Treatment with control luciferase dsRNA showed no noticeable differences to the 
tegument structure (Figure 6.6A). Overall, the thickness of the tegument layer appears 
decreased in the worms treated with SmTAL and SmDLC specific dsRNAs (Figure 6.6B-
F), but the importance of this observation is uncertain. The apical tegument membranes 
shows a degree of degradation in worms treated with Sm22.6 dsRNA. An increase in the 
abundance of surface invaginations of the tegument is seen in worms treated with 
SmDLC1 dsRNA, while there is a decrease in invaginations of the tegument in worms 
treated with SmDLC5 dsRNA. SmDLC5 treated worms also appeared to have a loss of 
vesicles in the tegument cytoplasm. 
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Figure 6.6. Transmission electron micrographs of S. mansoni adult tegument after RNAi 
treatment. Luciferase dsRNA treated worms (A) show normal tegument architecture. 
Adults treated with SmTAL and SmDLC specific dsRNA (B-F) show changes to tegument 
features. 
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6.4 Discussion 
Given their abundance, schistosome TALs and DLCs are considered essential for the 
development of the tegument in developing schistosomula and for maintenance of the 
tegument in adult parasites. In this chapter RNAi knockdown of specific SmDLC and 
SmTALs has been applied to both schistosomula and adult parasites to assess the 
phenotype and provide insight into the function of SmTALS and SmDLCs in the tegument.  
 
Here, high levels of gene knockdown were observed in both schistosomula and adult when 
dsRNA was introduced by electroporation or soaking. This result shows that SmTALs and 
SmDLCs are able to be successfully knocked down at high levels by either methods. In 
dsRNA adults, protein knockdown of 25% to 27% was observed. Protein knockdown in 
schistosomula was not able to be fully quantified due to difficulties with loading controls, 
but there is strong evidence to suggest Sm22.6 protein production was knocked down. 
Even though transcript knockdown was observed this did not lead to a high reduction of 
specific proteins. As access to antibodies for SmTALs and SmDLCs was not available, the 
protein levels of Sm20.8, Sm21.7 and SmDLC5 dsRNA treated parasites have not been 
assessed here.  
 
Phenotypic changes in the tegument were observed by transmission electron microscopy 
in adults. While the adult worm pairs treated with control luciferase dsRNA showed normal 
tegument features the worm pairs treated with SmTAL and SmDLC specific dsRNA 
showed varying degrees of alterations to the tegument. Notably, in each treatment group 
the adults appeared to have a decreased thickness of the tegumental layer. Even though 
this variation was apparent in each of the dsRNA treatment groups when compared to the 
control, further quantitative assessment is required before a definitive assessment on 
phenotypic changes can be made. In particular, changes in tegument trafficking of 
components, such as vesicles.  
 
Here it has been shown that SmTALs and SmDLCs can be transcriptionally knocked down 
individually, resulting in small changes to protein quantity and phenotype. In the future, 
multiple dsRNAs could be applied to a single treatment group and phenotypes monitored. 
These results have shown varying degrees of redundancy between the SmTALs and the 
SmDLCs. The results presented in Chapters 3 and 5 do not definitively conclude that there 
is interaction between SmTALs and SmDLCs but due to the similarities within the TAL 
family and DLC family the knockdown of multiple TALs and DLCs, this should be explored 
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in the future. Inducing the knockdown of both TALs and DLCs in the same experiment 
could confirm the link between the two families. Performing RNAi with multiple genes could 
result in a clearer phenotype within the tegument and provide more information about the 
roles of SmTALs and SmDLCs in the tegument. Assays applied to assess the function of 
the tegument after RNAi knockdown of SmTALs and SmDLCs could provide more 
information about the role of SmTALs and SmDLCs.  
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Chapter 7 
Discussion and conclusion 
 
The tegument of parasitic platyhelminths is a unique structure that surrounds the entire 
parasite as one cellular entity (Jones et al., 2004). For Schistosoma mansoni, the 
tegument forms the major host-parasite interface between the parasite and its human host 
but the full range of its biological functions are not fully understood. The tegument has 
been considered a target in schistosome vaccinology, as some promising targets are 
expressed in the tegument (Loukas et al., 2007). Better understanding of the dynamics of 
the schistosome tegument will thus influence the design and development of successful 
vaccines. This project was designed to elucidate key aspects of the dynamics of the 
tegument from cercarial transformation through to development of paired adult worms, by 
focusing on the biology of proteins implicated in membrane transport within the tegument. 
These transport networks have implications for transformation of the tegument upon host 
infection and its maintenance throughout the life of adult parasites. The work was built on 
substantial proteomic evaluation of tegumentary constituency. The next step was to 
investigate the relationships of proteins in the tegument and how they relate to tegumental 
biology. 
 
7.1 Schistosoma mansoni TSP-2 
A novel technique to fix adult parasites for electron microscopy was applied to adult male 
schistosomes that successfully fixed the parasite, while preserving antigenic reactivity of 
key molecules that were refractory to ultrastructural localisation in conventionally fixed 
tissues (Chapter 2). The sections produced using this novel technique (for schistosomiasis 
studies) were used to localise SmTSP-2 in the tegument. It was previously thought that 
SmTSP-2 is located at the apical plasma membrane complex of the tegument and 
particularly in the outer membrane or membranocalyx (Braschi and Wilson, 2006; Wilson, 
2012). However, the localisation patterns of SmTSP-2 in the tegument seen in this study 
did not support those postulated localisation patterns. In my analysis, SmTSP-2 was 
shown to be associated with basal regions of surface invaginations of the apical 
membrane and with the membranes of tegumentary organelles. While there are possible 
factors that led to the apparent absence of SmTSP-2 at the outermost apical membrane 
(Chapter 2), its location at the base of surface invaginations is supported by proteomics, 
the localisation can be rationalised as follows. Protein complexes isolated from the surface 
of the tegument using a chemical crosslinker that only isolated protein complexes on the 
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outer membrane contained SmTSP-2 (Chapter 4). While not located at the apical 
tegument membranes, SmTSP-2 is clearly linked with the apical membrane complex, but 
in sites such as the deep folds and invaginations of the tegument. One postulated role for 
SmTSP-2 is in tegument maintenance and recycling (Tran et al., 2012) and a likely site for 
this is in the invaginations.  
 
The interacting proteins of SmTSP-2 were explored using proteomics techniques (Chapter 
4). Using three different techniques, SmTSP-2 was found to be associated with eight 
proteins, which we termed the SmTSP-2 TEM (Table 4.1). Some of the proteins 
constituents SmTSP-2 TEMs are known to have a role in the maintenance of cell 
membranes, which supports the proposed function of SmTSP-2 in maintaining the integrity 
of the tegument. This interactome study of SmTSP-2 helps elucidate its role in surface 
dynamics. The distinct association with other components of the SmTSP-2 TEMs 
potentially opens avenues for novel prophylactics, such as multi-valent vaccines or the 
development of new drugs. Indeed, recently mice were vaccinated with a chimeric vaccine 
containing SmTSP-2 and either the N-terminus or C-terminus of Sm29 (Pinheiro et al., 
2014). This vaccine resulted in 27-34% reduction in worm burden and 31-48% reduction in 
liver granuloma area upon challenge. Further interaction and functional genomics of this 
and other tegumentary TSPs may lead to improved vaccine outcomes.  
 
Exosomes are small vesicles, 30 to 100 nm, that bud from the cell membrane and carry 
messenger RNA, micro RNA, membrane and cytostolic proteins (Rana and Zoller, 2011; 
Schorey and Bhatnagar, 2008). The exact range of functions for exosomes is not known, 
although they are thought to have roles in intercellular communication by transferring 
specific components. Exosomes have not yet been described for schistosomes, but they 
have been described for other trematode species and for a nematode (Liégeois et al., 
2006; Marcilla et al., 2012). It is thus likely that exosomes are present in schistosomes. Of 
the eight proteins found to be associated with SmTSP-2 TEMs, all proteins, except Sm29, 
have homologues that are known components of exosomes of other organisms. Sm29 is a 
schistosome-specific protein, with no known homology outside of the Phylum 
Platyhelminthes.  
 
For schistosomes, it has been shown that correct development of the worm within the 
human definitive host depends on interaction with the human immune system, as worms 
do not mature properly in immunodeficient mice (Harrison and Doenhoff, 1983; Hernandez 
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et al., 2004). The dependence on the host immune system for schistosome maturation 
requires a communication between the parasite and host which could be performed by 
exosomes. There is strong evidence that Plasmodium, Leishmania and Trichomonas 
vaginalis exosomes communicate with host cells and modulate the immune system 
(Regev-Rudzki et al., 2013; Silverman et al., 2010; Twu et al., 2013). Schistosomes, as 
internal blood parasites are highly dependent on host interaction for development and may 
interact similarly with cells of their hosts. The exosomal communication between 
developing and adult schistosomes and the host could extend to nutrient uptake, and the 
transfer of other signalling pathways components. The proper development of female 
schistosomes in the human host is dependent on signalling from the male worm, although 
it is not known how this signalling occurs (Hernandez et al., 2004). Exosome signalling in 
schistosomes may prove to be essential in host-parasite and parasite-parasite 
communication. If SmTSP-2 occurs in association with the infoldings of the apical 
membrane complex, and if they mediate exosome formation, then the bases of the 
infoldings might be sites of exosome formation. 
 
7.2 Schistosoma mansoni DLCs and TALs 
In this study I investigated the role of S. mansoni DLCs and TALs in tegumental transport 
and organisation (Chapter 3). The transcription pattern of SmDLCs and SmTALs in life 
cycle stages was described, showing a similar pattern for most transcripts studied, with 
transcript abundance increasing as the parasite developed from free-living life cycle stages 
(egg, miracidia, cercariae) to parasitic stages (schistosomula and adults). The relative 
abundance of Sm21.7 differed markedly from other transcripts, showing a consistently 
high abundance across all life cycle stages. The ultrastructural location of SmDLC1 and 
Sm22.6 in the tegument of S. mansoni was confirmed using ultrastructural localisation 
methods developed for Chapter 2. Dual localisation studies did not show unequivocal co-
localisation of SmDLC1 and Sm22.6. SmDLC1 was abundant in the cortical region of the 
apical cytoplasm suggesting an association with this actin-rich region, as shown for its 
orthologue in S. japonicum (Zhang et al., 2005).  
 
Proteomic methods applied in chapter 4 were also used to explore the interaction of 
SmDLCs and SmTALs with each other and with other proteins and protein complexes 
(Chapter 5). Prediction of interacting proteins was generated by comparing tegument 
treated by BN-PAGE and crosslinking with DMS and by immunoprecipitation with specific 
antibodies. BN-PAGE generated useful data sets, while the DMS crosslinked tegument 
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generated very complex datasets. Immunoprecipitation was intended to validate results 
from both BN-PAGE and DMS experiments, however, I was unable to generate useful 
results using either BS3 or DMS crosslinked tegument in immunoprecipitation 
experiments. After troubleshooting, I found that DLCs and TALs were a part of the 
crosslinked protein sample by analysis of unbound sample, but as minimal protein was 
bound to the antibody, it is believed the DLC and TAL protein complexes were not able to 
interact with the antibody. In the absence of positive and verifiable immunoprecipitation 
results, the interaction results obtained with BN-PAGE and DMS studies of DLCs and 
TALs were compared so as to identify common proteins detected as interactors of the 
target proteins (Chapter 5 and Appendix 3). These data are regarded as preliminary until 
further confirmatory studies, either by immunoprecipitation or yeast-2- hybrid analysis.  
 
The localisation of SmDLC1 in the adult tegument was confirmed to be at the apical 
membrane, near actin rich complexes (Chapter 3). In this study, all the typical subunits of 
the dynein motor have not been identified as components of the tegument. Furthermore, 
none, apart from schistosome DIC, were shown by sequence analysis to have 
conventional DLC-binding motifs. The subcellular localisation of SmDLC1 in actin-rich 
zones, the absence of other dynein components in the tegument and the presence of 
myosin components, lends weight to a hypothesis that tegumentary DLCs bind with a 
myosin. Indeed, an unconventional myosin, myosin XV, contained a known DLC binding 
motif (Chapter 5). In other organisms, the interaction between DLC and myosin has been 
confirmed (Daher et al., 2010; Espindola et al., 2000). 
 
By I-TEM, the TAL Sm22.6, was not consistently observed to be associated with the 
tegument apical membrane (Chapter 3) and the dual localisation performed with SmDLC1 
did not confirm any interaction between these proteins. This suggests that this SmTAL, at 
least, is not a strong or consistent interaction partner of DLCs. DLCs are known to have a 
wide variety of roles (Rapali et al., 2011a; Rapali et al., 2011b), although the role/s of 
DLCs in schistosome biology have not been confirmed it follows that DLCs in 
schistosomes, do have a variety of roles. One of the many functions of schistosome DLCs 
could be in the process of the secretion of TALs from the tegument. TALs are a proven 
allergen and need to are recognised host immune to generate an IgE response. It is 
thought that the immune response against TALs develops when they are released from 
dead or dying worms (Mulvenna et al., 2010a). Although the development of this immune 
response from living worms has not been ruled out. 
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To functionally characterise DLCs and TALs, RNAi was applied to both schistosomula and 
adult schistosomes (Chapter 6). High levels of transcriptional knockdown were obtained in 
each experiment while protein knockdown in adults was between 25-27%. In 
schistosomula, the level of protein knock down could not be quantified, but there is a 
qualitative, visual, decrease in Sm22.6 protein abundance in schistosomula when this 
gene is transcriptionally suppressed. Phenotypic analysis after transcriptional suppression 
of SmDLC1 and Sm22.6 was performed by electron microscopy for the adult 
schistosomes, as the schistosomula fixed for electron microscopy were not able to be 
processed these results were not obtained. Without a visual electron microscopy 
phenotype of schistosomula it is difficult to report on the phenotypic changes after RNAi 
treatment, especially possible changes to the tegument. When looking at the adult worm 
after transcriptional suppression, death of worms was not observed even though a high 
knock down of transcription was obtained. Looking at the redundancy patterns of 
associated transcripts the transcription of associated transcripts does changes and clearly 
there is redundancy between genes. The next step in RNAi experiments targeting DLCs 
and TALs would be to knock down several associated transcripts at one time. This may 
block incidences of redundancy and potentially provide a lethal phenotype or a more 
striking change of phenotype. 
 
Helminth allergens, protein families able to produce an IgE dominant allergic immune 
response, are gathering research interest for understanding allergic disease (e.g. 
(Fitzsimmons et al., 2014). Among these families, the TALs are of particular interest for 
schistosomiasis and other trematodiases. TAL homologues have been found in the 
tegument of Fasciola gigantica (Subpipattana et al., 2012; Vichasri-Grams et al., 2006), 
Fasciola hepatica (Banford et al.; Orr et al., 2012), Opisthorchis viverrini (Mulvenna et al., 
2010b) and Clonorchis sinensis (Chen et al., 2011; Huang et al., 2007; Kim et al., 2012; 
Zhou et al., 2007). The presence of TAL family members in the tegument of a variety of 
helminths suggests that these molecules are important for the host immune response to 
helminths. Helminth allergens, including TALs and other protein families (Fitzsimmons et 
al., 2014), are clearly important for a parasite induced allergic response leading to a 
protective immune response in the host. The extent of the role of these helminth allergens 
in host immune response to infection is yet to be elucidated. 
 
One major feature of tegument proteome studies to date is the overwhelming identification 
of proteins with no significant homology to proteins from other species (Braschi and 
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Wilson, 2006; van Balkom et al., 2005). In this study, this was especially evident when 
looking at known DLC motifs in the S. mansoni genome. A number of hypothetical proteins 
were found to contain the known DLC binding motifs. This suggests that DLCs in 
schistosomes interact with schistosome specific proteins and may be a part of a not yet 
described transport system. 
 
This thesis provides a comprehensive functional analysis of tegumental moelcules 
associated with membrane integrity and transport within the tegument. While some parts 
of this project were not successful, I have applied new techniques to schistosomes and 
this forms the basis for new schistosome studies in the future. More work in this area is 
required to fully comprehend the complexity of the tegument and its interaction with the 
host. However, research of schistosomes has limits as cultivation of larval and adult 
parasites in vivo is not a perfect system. In addition, the small size of the tegument 
provides challenges in studying its biology. Although there are many obstacles to 
overcome, successful research in this area has the potential to aid the better development 
of vaccines and drugs against this important human disease. 
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The tegument, or body wall, of schistosomes is the primary tissue for host interaction and site targeted
schistosome vaccination. However, many aspects of the cell biology, particularly differentiation and
maintenance, remain uncharacterised. A leading vaccine candidate, Schistosoma mansoni tetraspanin 2
has proven efﬁcacy in experimental models, but its function, precise subcellular location in the tegument
and role in tegument biology is not well understood. A primary question is whether this molecule is a
true surface molecule, that is, whether it appears within the apical membrane of the tegument. Hitherto,
the target sequence for antibody localisation studies had not been available for advanced subcellular
localisation studies, such as immuno-electron microscopy, due to aldehyde sensitivity. To circumvent
this problem, we adapted the methods of high pressure freezing and cryosubstitution with uranyl acetate
for immuno-electron microscopy. The tri-dimensional structure of tegument membranes was resolved
using electron tomography. Immunolocalisation of Schistosoma mansoni tetraspanin 2 demonstrates that
the molecule is localised to tegument membrane compartments, but predominantly within internal
structures associated with surface invaginations and internal vesicles. Surprisingly, no label was found
at the virtual surface of the parasite. The signiﬁcance of this localisation pattern is discussed.
 2013 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.1. Introduction
Schistosomes are a major cause of morbidity and mortality in
humans, particularly in developing and tropical nations. Adult
worm pairs are found in the mesenteric veins of their hosts, where
female worms produce hundreds to thousands of eggs per day
(Gryseels et al., 2006). For Schistosoma mansoni and Schistosoma
japonicum to continue the life cycle, their eggs must pass through
the host tissues into the lumen of the intestine and pass with
faeces into fresh water. Most of the pathology of hepato-intestinal
schistosomiasis develops when eggs are ﬂushed to organs,
typically the liver, where they become lodged and induce an
intense granulomatous response. Although the adult worms
themselves do not induce host immunological reaction, their
longevity in the human host and the eggs they produce, both
contribute to the chronic pathology of this disease.The tegument, or body wall, of schistosomes is the primary
interface for host–parasite interactions. This layer fulﬁls a variety
of biological roles for the parasite (Gobert et al., 2003; Jones
et al., 2004; Loukas et al., 2007). The tegument is a syncytial layer
encapsulating the entire parasite. Upon entry into the deﬁnitive
mammalian host, the tegument transforms from a layer that is
adapted to the external aquatic environment of the infectious cer-
caria, into a host-adapted form of the parasitic adult worm (Hock-
ley, 1973). The cellular aspects of the change involve the
replacement of the unilaminate and glycocalyx-adorned apical
membrane of the cercaria with the dual membrane complex of
the adult (Gobert et al., 2003). Over the life of the adult worm
the tegument undergoes constant renewal. Although the exact
molecular adaptations orchestrating surface renewal are unknown,
it is thought to occur by membrane shedding and sloughing (Skelly
et al., 2006).
The tegument is commonly thought to be the primary target for
schistosomevaccineswithmany tegumental antigens showinghigh
efﬁcacy in experimental vaccine trials in animal hosts (Tran et al.,
2006; Loukas et al., 2007; Cardoso et al., 2008). Through the applica-
tion of various proteomics methods, the protein composition of the
786 L. Schulte et al. / International Journal for Parasitology 43 (2013) 785–793tegument is well understood (van Balkom et al., 2005; Braschi et al.,
2006; Pérez-Sánchez et al., 2006; Mulvenna et al., 2010; Wilson,
2012), but the exact functions of these proteins and organelles are
mostly unknown. Among these components, a family of tetraspa-
nins have shown promise as candidates against S. mansoni, but not
S. japonicum, infections (Tran et al., 2006; Zhang et al., 2011; Pearson
et al., 2012).
Tetraspanins are plasma membrane-bound proteins. The hall-
mark feature of this family is the presence of four transmembrane
regions with two extracellular loops. The ﬁrst and smaller extracel-
lular loop (ECL1) contains less than 30 amino acids and the second
and larger extracellular loop (ECL2) consists of 76–131 amino acids
(Charrin et al., 2009). The proposed roles of tetraspanins are many
and varied but exact functions are not fully understood. Tetraspa-
nins have been found on the membranes of mammalian exosomes,
small membranous vesicles that have roles in cellular communica-
tion and transport of selected proteins, mRNAs and microRNAs
(Rana and Zoller, 2011). Tetraspanins also form ‘‘tetraspanin webs’’
or tetraspanin-enriched domains and thus interactwith awide vari-
ety of proteins (Boucheix and Rubinstein, 2001; Rubinstein, 2011).
One important protein of the schistosome tegument is S. man-
soni tetraspanin 2 (SmTSP-2). Vaccine trials using SmTSP-2 in mice
have shown consistently strong protection using either fusion pro-
tein or non-conjugated peptides (Tran et al., 2006; Pearson et al.,
2012). However, little is known of the biological role of this mole-
cule in the tegument. In order to better understand this, localisa-
tion of this molecule beyond conventional ﬂuorescence is
necessary. Subcellular localisation by immuno-electron micros-
copy (I-EM) would be an ideal tool to deﬁne the ultrastructural
localisation of the molecule, but to date this approach has been
hampered by two problems. The ﬁrst is that SmTSP-2 loses antige-
nicity during the processing required for resin sections or frozen
sections traditionally used for I-EM. We reason that this has arisen
due to the susceptibility of antigenic sites in SmTSP-2 to parafor-
maldehyde ﬁxation (Tran et al., 2006). The second is that standard
resin used for I-EM does not preserve membrane structure (Grif-
ﬁths et al., 1993). This latter problem is a major consideration in
the membrane-rich tegument as the ﬁne detail of molecular loca-
tion cannot be reliably mapped if not adequately preserved.
Here we report on the use and validation of a method for prepar-
ing adult schistosomeworms, which ensures improved antigenicity
and retention of surface membrane proteins such as SmTSP-2. This
involved the combination of the preparative methods of high pres-
sure freezing (HPF) for electron microscopy and cryosubstitution in
uranyl acetate solutions. This method follows cryopreparative
methods used to characterise eggs of S. japonicum (Jones et al.,
2008), and the human liver ﬂuke Opisthorchis viverrini (Khampoosa
et al., 2012), and I-EM studies of the taeniid tapeworm Taenia ovis
(Jabbar et al., 2010b). This method, applied here to whole adult S.
mansoni worms, allows for superior membrane preservation and
successful localisation of a variety of proteins. SmTSP-2, which, as
noted, is aldehyde sensitive (Tran et al., 2006, 2010), labelled
strongly on sections prepared by this method, enabling us to deﬁne
its subcellular location in the tegument of adult male worms. We
also describe the improved resolution of morphological features
of the male tegument after cryosubstitution, employing methods
of electron tomography to visualise membrane interactions.2. Materials and methods
2.1. Life cycle maintenance
The Puerto Rican strain of S. mansoni is maintained in ARC Swiss
mice and Biomphalaria glabrata snails at the Queensland Institute
of Medical Research (QIMR, Australia) from stocks originating fromthe National Institute of Allergy and Infectious Diseases Schistoso-
miasis Resource Centre, Biomedical Research institute (Rockville,
MD, USA). Schistosoma mansoni is maintained at QIMR under per-
mit from the Australian Department of Agriculture, Fisheries and
Forestry Biosecurity (DAFF). For cryopreparation, mice were trans-
ferred to the Centre for Microscopy and Microanalysis Laboratories,
Australia in the Queensland Biosciences Precinct under permit
from DAFF. All animal work in this study was approved by the Ani-
mal Ethics Committee of QIMR (Project No. P1289) and the Animal
Welfare Unit of The University of Queensland. Adult worms at
6 weeks p.i. were perfused from these mice into perfusion buffer
containing 145 mM sodium chloride (w/v) and 60 mM sodium cit-
rate (w/v) prior to cryoﬁxation. This buffer was used because it
preserves the ionic balance of tissues in culture.
2.2. Cryopreparation
Adult parasites were transferred to copper membranes (Leica
Microsystems, Wetzlar, Germany), ﬂooded with 20% BSA (Fraction V,
w/v) in PBS and transferred immediately to the specimen chamber of
a Leica EM PACT2 High Pressure Freezer (Leica Microsystems, Austra-
lia). One parasite only was added to a single membrane. The albumin
acts as a cryoprotectant and is present at the surface of the parasites
for less than 1min. After HPF, samples were transferred in cryotubes
under liquid nitrogen to a Leica EM AFS freeze-substitution apparatus
(Leica Microsystems) for ﬁxation and dehydration in (i) 2% (w/v) os-
mium tetroxide and 0.5% uranyl acetate (w/v) in 100% anhydrous ace-
tone, or (ii) in 0.2% uranyl acetate (w/v) and 5% water in acetone.
For samples substituted in osmium tetroxide, the tissues were
cryosubstituted for 3 days, according to the following protocol.
The temperature of the substitution chamber was increased from
160 to 85 C over a 2 h period and maintained at 85 C for
48 h, after which the samples were brought to room temperature.
The ﬁxative solutions were then replaced with anhydrous acetone
corresponding to the ﬁxation conditions at room temperature.
After further changes of acetone, osmium-ﬁxed samples were inﬁl-
trated with Epon resin (ProSciTech, Australia). Final inﬁltration of
resin was facilitated in a Pelco 34700 Biowave Microwave Oven
(Ted Pella Inc., USA) following the method of Khampoosa et al.
(2012). Uranyl acetate ﬁxed samples in acetone were transferred
to Lowicryl HM20 resin (ProSciTech) at 20 C and the resin poly-
merised under UV light at 20 C in the cryosubstitution appara-
tus. Ultrathin sections (60 nm) were cut onto formvar-carbon
coated copper slot grids. Unstained sections were examined in a
JEM1011 transmission electron microscope equipped with an
Olympus Morada side-mounted digital camera (Olympus, USA).
2.3. Electron tomography
For electron tomography, 300 nm thick sections of uranyl ace-
tate ﬁxed and Lowicryl-embedded worms were cut using Leica
EM UC6 ultramicrotome (Leica Microsystems). Dual-axis tilt-series
data was collected on an FEI Tecnai F30 FEG-TEM (FEI Company,
USA) operating at 300 kV, over a tilt range of ±66 at 1.5 incre-
ments (a-axis) and 3 increments (b-axis), using SerialEM software
(Mastronarde, 2005). Tilt series were reconstructed with the R-
weighted back projection algorithm using IMOD/Etomo software
(The Boulder Lab for 3D Electron Microscopy, USA) as previously
described (Kremer et al., 1996). Segmentation was also done using
IMOD software, speciﬁcally with ‘‘Drawing Tools’’ and ‘‘Interpola-
tor’’, as described (Noske et al., 2008).
2.4. Ultrastructural localisation
Indirect immunocytochemistry was used to localise a series of
molecules within the tegument of adult male S. mansoni worms.
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20 lL drops on plastic laboratory ﬁlm. Sections were wetted by
placing grids onto drops of 1 PBS for 5 min. Sections were then
incubated in blocking buffer (0.2% BSA, 0.2% ﬁsh-skin gelatin (Sig-
ma, USA), 20 mM glycine, 20% PBS in H2O) for 15 min. Sections
were then incubated in primary antisera in blocking buffer for
30 min. The following primary sera were used: a pre-immune rab-
bit sera diluted 1:100–1:200 as negative control; mouse anti-alpha
smooth muscle actin (Biocare Medical, USA) diluted at 1:100 as a
positive control, and rabbit anti-serum raised against the ECL2 of
SmTSP-2 (Tran et al., 2006, 2010). Following three washes of
5 min each in blocking buffer, the sections were incubated in Pro-
tein A Gold (10 nM gold particle size) diluted 1:60 diluted in block-
ing buffer for 30 min. Sections were washed three times in 5 min
changes of PBS, followed by four washes in milliQ water of 5 min
each. Unstained sections were imaged in a JEM1011 transmission
electron microscope using an 80 kV accelerating voltage.3. Results
3.1. Morphology of tegument
Here, we describe a method for preparation of adult schisto-
some tissues for transmission electron microscopy using HPF
to cryopreserve the parasites and two methods of cryosubstitution
for comparative morphology. Cryosubstitution in osmium
tetroxide primarily allows for morphological observations,
although osmium-ﬁxed material can be used for lectin immunocy-
tochemistry for carbohydrate localisation (Jones et al., 2008). Ura-
nyl acetate cryosubstitution was used here for both morphological
and immunocytochemical analyses of tissues.
Cryopreservation of adult S. mansoni tissue after HPF was
remarkably effective, although damage due to hexagonal ice for-
mation was apparent (not shown) in some regions of the worms.
Such damage, when it occurred, caused disruption of membranes
and swelling of organelles such as myoﬁbrils. Sections exhibiting
these disruptions were excluded from further investigation. In
other regions, ice crystal damage was restricted to the formation
of cubic or vitreous ice (Grifﬁths et al., 1993), smaller ice particles
that do not disrupt cellular structure and enable recognition of all
cytoplasmic features of the tegument (Figs. 1–6).3.2. Osmium cryosubstitution
Slight ultrastructural variation was observed in the morphology
of the tegument between the two methods of cryopreservation
(Figs. 1 and 2). In osmium cryosubstituted specimens, the tegu-
ment was adorned with a ﬂocculent material, which is likely to
be BSA used to enrobe the parasites prior to cryosubstitution.
The apical membrane of the tegument did not appear as a dual
membrane structure, consistent with a ﬁxation protocol that ex-
cludes uranyl acetate en bloc staining (Hockley, 1973). The surface
membrane thus consistently appeared as a single membrane with
a distinct membranocalyx (Fig. 1). The tegument was marked by
many surface invaginations, some of which appeared to contain
minute vesicles close to the invaginated membrane (Fig. 1A, inset).
Wormswere placed into the cryoﬁxation holders in a spiral form.
Interestingly, focal points of adhesion were evident in the apical
membrane of the tegument where different parts of a parasite were
pressed together (Fig. 1B). Similar adhesion sites have been seen in
male–female interactions and may have implications for parasite
signalling. Surface invaginations were numerous and were ﬁlled
with the same ﬂocculent material as seen on the parasite surface.
Cytoplasmic inclusions of the tegument appeared as described
for conventional electron microscopic methods (e.g., Gobert et al.,2003) with many elongate bodies and spherical multilaminate ves-
icles (Fig. 1). The elongate bodies were seen in close proximity to
the surface invaginations or inclusions (Fig. 1A). The basal mem-
brane was clearly demarked with numerous infoldings. Ballooning
of the basal invaginations were observed in some sections (Fig. 1A).
These vacuoles appear in the tegument of worms that have likely
experienced prolonged incubation in buffer and is a common fea-
ture in cultivated adult schistosomes. The basal lamina was a
well-deﬁned ﬁbrillar layer (Fig. 1A and B), clearly demarked from
the overlying tegumentary cytoplasm and musculature layers.
3.3. Uranyl acetate cryosubstitution
In sections, the tegument appeared as described (Figs. 2–6), but
with someminor variations. The variations are attributed to the dif-
ferent reactivity of uranium salts with tissues in cryosubstitution
solvents. The dual nature of the apical membrane was clearly evi-
dent (Fig. 2). On many occasions, a thin membranous material was
seen slightly separated from the surface membrane but tracing its
shape (Figs. 2 and 4–6). At times, an external membranous material
appeared to trace the outline of the parasite membrane. This layer
was interpreted to be themembranocalyx of the surfacemembrane.
The tegument appeared typical of schistosomes. All internal
membrane bound organelles had well deﬁned external membranes
and typical structures of the tegument, including surface invagin-
ations, elongate bodies, multi-laminate vesicles and components
of the basal membrane were clearly evident and easily distin-
guished (Fig. 2). The general cytoplasm of the tegument in uranyl
acetate ﬁxed parasites had a more granular ground substance,
which led to a reduction in overall contrast of the sections (com-
pare Fig. 2 and Fig. 1). However this reduced contrast did not affect
visualisation of colloidal gold particles, particularly in regions
where the particles were found in proximity to membrane struc-
tures (Figs. 5 and 6). The basal lamina was well deﬁned (Fig. 4B).
3.4. Organellar transport revealed by cryopreparation and
tomography
Dual-axis tilt series of 300 nm thick sections of uranyl acetate
substituted males was performed to prepare a series of images
for construction of an electron tomogram of the tegument (Supple-
mentary movie S1, Fig. 3). The resulting tomogram consisted of a
movie showing the relationship of various membrane structures,
followed by projection of the traced membranes in three dimen-
sions (Supplementary movie S1, Fig. 3). The tomogram depiction
shows the apical region of the tegument with the surface mem-
brane, surface invaginations and organelles including multilami-
nate vesicles and elongate bodies (Fig. 3). The distinct dual
membrane appearance of the surface membrane and surface
invaginations are clearly evident. Smaller extracellular vesicular
compartments are evident in the lumen of the surface invagin-
ations (Fig. 3), suggesting that the parasite may externalise some
vesicular compartments. Previous studies show that multilaminate
vesicles fuse with the apical membrane and their released contents
form the membranocalyx (Wilson and Barnes, 1974, 1977). Elon-
gate bodies lie in various orientations within the tegument but
their long axes are often parallel with the surface membrane. The
elongate bodies were aggregated around the surface invaginations
(Fig. 3), and appeared in tomograms as distinctly oblate spheroid in
shape, described originally by Hockley (1973).
3.5. SmTSP-2 immunogold localisation
Sections of male parasites cryosubstituted in uranyl acetate
were subjected to indirect immunocytochemistry using protein A
gold as secondary label. A non-immune rabbit serum, used as
Fig. 1. Transmission electron micrographs of osmium-ﬁxed tegument of an adult male Schistosoma mansoniworm. (A) Details of tegument lining and musculature. The apical
membrane (AM) has a ﬁbrillar coat, possibly arising from incubation of the parasite in BSA prior to freezing. A surface invagination is evident (arrow). Note the vacuoles
formed from the basal membrane. Inset: a surface invagination of the tegument, showing vesicles (arrow) within the lumen. (B) Zones of contact between different portions
of the tegument. The apical membrane forms points of focal adhesion. (C) Two regions of the male tegument. BL, basal lamina; My, myoﬁbril; PAR, cytoplasmic processes of
parenchymal cells; Teg, tegument cytoplasm; V, vacuole.
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the section, resulting only in a few isolated gold particles evidentin the tegument (Fig. 4A). Similarly, a non-immune mouse serum
did not result in any label of the tegument (data not shown).
Fig. 2. Transmission electron micrographs of uranyl acetate ﬁxed tegument of an
adult male Schistosoma mansoni worm. (A) General view of tegument. Note the thin
membrane-like structure at the surface of the tegument (arrows). (B) Region of
spines in the tegument. The thin membranous material is present (arrows). (C)
Region showing numerous surface invaginations. Note the membranocalyx at the
surface of the tegument (arrows) and in surface invaginations. AM, apical
membrane; My, myoﬁbril; SI, surface invaginations; SP, spine.
L. Schulte et al. / International Journal for Parasitology 43 (2013) 785–793 789Since the musculature of adult schistosomes is predominantly a
non-striated form, similar to smooth musculature of mammals, we
reasoned that the myoﬁbrils of actin would cross-react with anti-
sera raised against mammalian smooth muscle actin (SMA). In-
deed, when we used this antiserum as a positive control, strong
label was evident on the myoﬁbrils (Fig. 4B–D). The use of anti-
SMA serum also resulted in strong labelling of the tegumentary
spines, structures rich in a form ﬁlamentous actin (Cohen et al.,
1982) (Fig. 4B–D). While commonly seen in the actin-rich matrix
of the spines, label was not observed in association with themembrane limiting the spine or in association with the terminal
web of the tegument (Fig. 4B–D). Actin label was associated with
some vacuolar compartments arising from the basal plasma mem-
brane of the tegument (Fig. 4C and D) and in focal regions associ-
ated with surface invaginations of the apical plasma membrane
(Fig. 4C).
As expected for a membrane-linked protein the localisation pat-
terns of SmTSP-2 were strongly membrane associated (Figs. 5 and
6). However, almost no label was detected on the apical membrane
or membranocalyx or indeed over much of the surface invagin-
ations (Figs. 5 and 6). When gold was associated with the surface
invaginations, the label was invariably associated with the basal
regions of invaginations. Gold labelling was strongly associated
with the membrane of membrane-bound organelles in the cyto-
plasm of the tegument, thereby labelling these structures in a cir-
cumferential pattern (Figs. 5 and 6). Among the bodies that
labelled were multilamellar vesicles, vesicles that budded from
the surface invaginations and elongate bodies. Approximately
60% of elongate bodies were labelled with the SmTSP-2 antibodies,
with usually no more than 1–2 particles per body.4. Discussion
In this study, HPF prior to cryosubstitution with uranyl acetate
has been applied successfully as a preparation method for I-EM.
This technique produces high quality preservation of membranes
while allowing for subcellular localisation of parasite antigens. Pre-
viously, I-EM of schistosome tegument structures has been per-
formed on aldehyde ﬁxed samples, either on resin or as
cryosections. One problem encountered in our studies has been
the insensitivity of many antigens to I-EM, due to effects of alde-
hyde ﬁxation. Here, we demonstrated that I-EM can be successfully
performed using a combination of cryopreparation methods and
ﬁxation in uranyl acetate. Use of cryopreservation methods for
ultrastructural studies of parasitic helminths has only previously
been applied to investigations of eggs such as those of schisto-
somes and other ﬂuke species, and taeniid cestodes (Jones et al.,
2008; Jabbar et al., 2010a,b; S´widerski et al., 2010; Khampoosa
et al., 2012). We believe this report constitutes the ﬁrst description
of its utilisation in adult schistosomes.
It is important to recognise that uranyl acetate ﬁxation only
works well in a cryosubstitution protocol. When applied to unﬁxed
biological tissues at room temperature, uranyl acetate and acetone
will result in severe solubilisation of many components of the sam-
ples, rendering the sections of poor quality. HPF is a method
adapted to solve the problem of ice crystallisation occurring in na-
tive biological tissues when frozen (Dubochet, 2007). Prior to the
development of HPF technologies, cryopreservation of native
(non-cryoprotected) tissues could only be performed successfully
on small particles. With this method, larger samples can be pre-
pared and we show here that the method is applicable to macro-
scopic parasites such as adult schistosomes. This development
should help to bring I-EM back into the fold of analytical tools
for cell biological investigations of the tegument.
SmTSP-2 has shown promise as effective schistosome vaccine
target (Tran et al., 2006). One appealing feature of this antigen is
that it is recognised in the sera of naturally immune patients,
who elicit antibody proﬁles associated with protective immunity
against the antigen (Tran et al., 2006). Schistosome tetraspanins,
and notably SmTSP-2, are thought to be residents of the apical plas-
ma membrane complex of the tegument and particularly of the
membranocalyx (Wilson, 2012). This expression pattern has been
predicted through strong tegumentary localisation patterns re-
vealed by immunoﬂuorescence in schistosomula and adult worms
(Tran et al., 2006, 2010), whole mount in situ hybridisation
Fig. 3. Two-dimensional images from electron tomography of the Schistosoma mansoni tegument. (A and C) Selected bright ﬁeld images from tilt series showing the tegument
in different orientations. (B and D) Segmentation of the tilt series showing contours of the different membrane components. Membranes of the apical membrane and surface
invaginations are rendered grey, membranes of the elongate bodies are rendered as blue and that of a multilaminate vesicle are coloured purple. The full tomogram is
available as Supplementary movie S1.
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2005; Braschi et al., 2006; Pérez-Sánchez et al., 2006; Mulvenna
et al., 2010; Wilson, 2012). Based on proteomic assessment,
Braschi and Wilson (2006) predicted that SmTSP-2 would occur
along the surface plasma membrane and beneath the membrano-
calyx, a membrane structure depauperate of protein (Braschi and
Wilson, 2006). In a recent review, SmTSP-2 was suggested to be
present in the membranocalyx (Wilson, 2012). Accordingly, at
the outset of this study, it was expected that our immunolocalisa-
tion would reveal strong surface membrane localisation.
Surprisingly, our data showed that all label was associated with
membrane compartments within the tegumental matrix and not
on the apical surface.
How do we interpret this unexpected result? Positive and
negative controls suggest efﬁcient labelling in all areas of thetegument and the antisera used for SmTSP-2 detection was the
same as that used in the original studies by Tran and colleagues
(Tran et al., 2006, 2010). While our data do not show strong surface
labelling as such, there is a strong association of SmTSP-2 antisera
with tegumentary membrane compartments that are linked with
the surface membrane. The association of these membrane com-
partments has been described in detail previously (Hockley,
1973; Wilson and Barnes, 1974) and are demonstrated graphically
in the present paper through tomographic representation (Fig. 3). A
number of factors could contribute to the apparent lack of SmTSP-2
labelling at the tegument apical membranes. Firstly, the interac-
tion of the second extracellular loop of SmTSP-2, the region against
which the antiserum was raised, is likely to bind proteins in the
host. These bound proteins may thus hinder binding of primary
antisera in I-EM and thereby prevent detection with colloidal gold
Fig. 4. Immuno-localisation of alpha-smooth muscle actin and rabbit pre-immune sera in the tegument of male Schistosoma mansoni, prepared by high pressure freezing and
cryosubstitution with uranyl acetate. (A) Pre-immune serum, negative control. Few isolated gold particles are seen. (B–D) Alpha-smooth muscle actin, positive control. The
gold label is associated with known organelles and structures rich in ﬁlamentous actin including the spines (SP) (B–D), in internal membranes subjacent to the surface
invaginations (SI) (B, arrows), and myoﬁbrils (My) (C and D). BL, basal lamina; Teg, tegument.
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schistosomules (Tran et al., 2010), indicating that the steric
hindrance caused by bound ligands is not a reason for the lack of
surface membrane-associated label. Secondly, and more likely,
the exposure of SmTSP-2 on the apical membrane may be a stage-
speciﬁc phenomenon and a feature of the transition of the parasitefrom a free-living cercaria to the parasitic schistosomula stage.
This transformation seems to be the phase that is vulnerable to im-
mune attack by the host (Dillon et al., 2008; Wilson, 2009). If schis-
tosomula can survive the initial attack by the host during early
stages of invasion, they are resistant to subsequent attack. Our
interpretation, if correct, indicates that cell biological investigation
Fig. 5. Immuno-localisation of Schistosoma mansoni tetraspanin 2 in the tegument
of male S. mansoni, prepared by high pressure freezing and cryosubstitution with
uranyl acetate. (A–C) Different regions of the tegument showing predominant label
associated with internal membrane compartments. Label is not detected in
association with the apical membrane or membranocalyx. Gold label is found
associated with the membrane of vesicles (A, arrows) that bud from the surface
invagination (SI). However, surface invaginations generally do not show high levels
of gold label. SP, spine.
Fig. 6. Immuno-localisation of Schistosoma mansoni tetraspanin 2 in the tegument
of male S. mansoni, prepared by high pressure freezing and cryosubstitution with
uranyl acetate. Higher magniﬁcation view showing surface membrane complex and
terminal web.
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in the 1970s (Hockley and McLaren, 1973), would help to
illuminate how early migrating and skin phase schistosomula can
be susceptible to immune therapy. Furthermore, detailed I-EMinvestigations of these early phases, using methods described here,
may help identify new targets for vaccination.
Although we did not demonstrate SmTSP-2 localisation at
the surface of the tegument, the molecule was common in
membranous compartments of the adult male tegument. Tran
et al. (2010) demonstrated that RNA interference (RNAi)-med-
iated suppression of SmTSP-2 resulted in functional impair-
ment of the tegument of schistosomula of S. mansoni.
Similarly, a tetraspanin of the human liver ﬂuke O. viverrini
appears to have similar roles in the tegument of that species
(Piratae et al., 2012). SmTSP-2 is thus involved in membrane
turnover events, particularly docking and scission events
occurring at the bases of the surface invaginations of the api-
cal membrane.
We have successfully applied the electron microscopy prepa-
ration method of HPF to adult schistosomes. This method, when
coupled with appropriate ﬁxation methods allows for successful
localisation of schistosome antigens, and particularly those that
are of importance in host–parasite interactions. Although this
method has been applied to one life stage only, the method
could equally be applied to investigations of other stages, partic-
ularly the immune-susceptible skin-phase schistosomula. I-EM
analysis of these stages by punch biopsy of skin during experi-
mental infections and subsequent HPF and cryosubstitution
may produce high ﬁdelity material for future cell biological
investigations. This analysis of potentially susceptible parasites
in native location and near-native state may provide excellent
information relevant to early host–parasite interaction and may
provide better insight into how vaccines may work against
schistosomiasis.
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Background: Schistosome tetraspanin Sm-TSP-2 is a vaccine antigen.
Results: We describe the structure of the large extracellular domain of Sm-TSP-2, develop a model of its interactions with
Tetraspanin-enriched-microdomain proteins and plasma membrane, and identify TEM constituents.
Conclusion: Structural conservation of the domain means this model is likely applicable to TSPs in general.
Significance: Tetraspanin-enriched-microdomain proteins provide further targets for multiplex vaccines and/or novel drug
targets.
The tetraspanins (TSPs) are a family of integral membrane
proteins that are ubiquitously expressed at the surface of
eukaryotic cells. TSPs mediate a range of processes at the sur-
face of the plasma membrane by providing a scaffold for the
assembly of protein complexes known as tetraspanin-enriched
microdomains (TEMs).We report here the structure of the sur-
face-exposed EC2 domain from Sm-TSP-2, a TSP from Schisto-
soma mansoni and one of the better prospects for the develop-
ment of a vaccine against schistosomiasis. This is the first
solution structure of this domain, and our investigations of its
interactions with lipid micelles provide a general model for
interactions between TSPs, membranes, and other proteins.
Using chemical cross-linking, eight potential protein constitu-
ents of Sm-TSP-2-mediated TEMs were also identified. These
include proteins important for membrane maintenance and
repair, providing further evidence for the functional role of
Sm-TSP-2- and Sm-TSP-2-mediated TEMs. The identification
of calpain, Sm29, and fructose-bisphosphate aldolase, them-
selves potential vaccine antigens, suggests that the Sm-TSP-2-
mediated TEMs could be disrupted via multiple targets. The
identification of further Sm-TSP-2-mediated TEM proteins
increases the available candidates for multiplex vaccines and/or
novel drugs targeting TEMs in the schistosome tegument.
Tetraspanins (TSPs)5 are a family of integral membrane pro-
teins that are ubiquitously expressed on the plasmamembranes
of eukaryotic organisms. In recent years TSPs have emerged as
essential participants in a range of processes that occur on cell
surfaces. TSPs act as “scaffold” proteins providing a framework
of homo- and heterodimers that form complexes with many
other proteins. These complexes are clustered into tetraspanin-
enriched microdomains (TEMs) that possess the capacity to
facilitate vesicular fusion and/or fission (1). By modulating,
inhibiting, or stabilizing associated proteins, TSPs facilitate
functionality at the surface of the plasma membrane, and they
are now thought to be essential in events such as fertilization,
parasite and viral infection, cellular development, proliferation,
immune response induction, metastasis suppression, and tumor
progression (for review, see Hemler (1, 2)). Moreover, large
quantities of TSPs are released from the cell in small vesicles
called exosomes (3), leading to the hypothesis thatTSPs orches-
trate changes in the plasma membrane essential for the forma-
tion and budding of the exosomes (4).
Recently, TSPs have been shown to be promising vaccine
targets for schistosomiasis, a debilitating parasitic disease pre-
dominantly caused by one of the three main species of human
blood flukes; Schistosoma mansoni, Schistosoma japonicum,
and Schistosoma haematobium (5). Schistosomiasis is a disease
of poverty and affects210million people in developing coun-
tries of Asia, Africa, and South America (6). Although the an-
thelmintic drug praziquantel provides effective treatment, con-
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cerns over rapid reinfection and drug resistance have prompted
a great deal of effort to be invested in the development of anti-
schistosome vaccines and novel anthelmintics. One of themost
promising candidate antigens for a schistosomiasis vaccine is a
TSP located on the surface of the parasite, Sm-TSP-2. This pro-
tein was initially discovered because of its unique recognition
by antibodies from individuals with acquired resistance to
schistosomiasis and protection induced by vaccination of mice
in a challenge model of schistosomiasis using a recombinant
form of the EC2 domain (7). Large scale phase I clinical trials in
humans are currently under way (8), and Sm-TSP-2 has been
manufactured under cGMP conditions. In the parasite, Sm-
TSP-2 appears to play a critical structural role in maintaining
the integrity of the tegument, the syncytial outer covering of the
parasite. Knockdown of the Sm-tsp-2 gene in the immature
human stage of the parasite, the schistosomula, resulted in an
83% reduction in adult survival rates and caused large-scale
degradation of the tegument (9), probably indicating a specific
role for Sm-TSP-2 in both tegument formation and in the plas-
ticity of the membrane.
Although an individual organism will normally express mul-
tiple TSP proteins, e.g. humans express 33 different TSPs, they
are all characterized by a conserved topology comprising four
trans-membrane helices, a short intracellular N- and C-termi-
nal loop, and two extracellular domains; one short domain
(EC1) and one longer domain (EC2). The EC2 plays amajor role
in mediating protein-protein interactions (2) and further
defines the TSP structures by the presence of at least four cys-
teine residues, two of which are incorporated into a highly con-
served CCG motif, involved in stabilizing disulfide bonds.
Despite the importance of the TSPs as ubiquitous eukaryotic
mediators of cell surface functionality, remarkably little is
known about their structure. Accordingly, there is no clear
understanding of how they assemble into protein complexes or
how they interactwith each other, with other proteins, andwith
the plasma membrane.
The only structural information available about TSPs is the
crystal structure of the humanCD81EC2domain (hCD81-LEL;
Ref. 10). The EC2 domain of CD81 comprises five -helices
packed into a “mushroom”-like domain in which three helices
form the stem that supports a head region. Extensive structural
modeling of TSPs suggests that the stem and head regions are,
respectively, conserved and variable (11) domains. Based on
homodimeric crystal forms observed in the x-ray structure, it
has been suggested that the EC2 domain mediates the forma-
tion of TSP homodimers in vitro. However, the physiological
relevance of the crystal homodimer has been questioned on the
basis of both topological concerns (2) and mutational studies
showing no disruption ofCD81homodimers after disruption of
the putative dimerization interface (12). Accordingly, to better
understand the immune protection provided by the Sm-TSP-2
vaccine and to delineate the structure/function relationship of
TSPs in general, we have structurally characterized the EC2
domain of Sm-TSP-2 and present the first solution structure of
this domain. Furthermore, we have addressed the functional
role of Sm-TSP-2 by identifying proteins potentially involved in
TEMs at the surface of the schistosome tegument. Based on
these findings we are able to propose a refined model of the
interactions of TSPs with the plasma membrane, other TSPs,
and the proteins comprising TEMs in S. mansoni.
EXPERIMENTAL PROCEDURES
Recombinant Protein Expression and Purification—TSP
topology was predicted using TMHMM (13), and the region of
Sm-TSP-2 corresponding to the Sm-TSP-2-EC2 was PCR-am-
plified from a pET-41a-derived construct and cloned into the
pLic-MBP vector via ligation-independent cloning for bacterial
expression (14) using the forward primer (TACTTCCAATC-
CAATGAAAAGCCCAAGGTCAAAAAACAC) and reverse
primer (TTATCCACTTCCAATGTTAGTGCGCTTTGCT-
TAGATCGC). The vector was constructed by Stephen Shoul-
dice and was a kind gift from Prof. Jenny Martin (University of
Queensland, Brisbane, Australia).6 This vector encoded aMalE
signal sequence for periplasmic export, a His6 affinity tag
inserted in two residues after MalE, a maltose-binding protein
(MBP) fusion tag to aid the folding and solubility, and a tobacco
etch virus (TEV) protease recognition site. The TEV was
mutated to the thrombin site by a single step mutagenesis (15)
using the forward primer (GTGCCGCGTGGCTCCAATG-
AAAAGCCCAAGGTCAAAAAACACATCAC) and reverse
primer (GGAGCCACGCGGCACCAGGTTCTCGGTACCT-
GGGATATC). The plasmid encoding His6-MBP-Throm-Sm-
TSP-2-EC2 was transformed into Escherichia coli BL21(DE3)
cells and, 13C,15N/-labeled or 15N-labeled Sm-TSP-2-EC2 was
expressed using established methods (16). The cells were har-
vested by centrifugation (6000 g, 10 min, 4 °C), and the His6-
MBP-TEV-Sm-TSP-2-EC2 was extracted from the bacterial
periplasmic space by osmotic shock using 30mM sodium phos-
phate, pH 7.4, 20% sucrose, 1 mM EDTA, and 5 mM MgSO4 in
ice-cold water (80 ml for each gram of cells wet weight). The
protein was desalted to PBS buffer, pH 7.4, with a PD-10 col-
umn (GE healthcare). TheMBP tag was removed by incubating
the eluted protein with thrombin protease (Sigma) in PBS
at room temperature overnight. After thrombin cleavage,
Sm-TSP-2-EC2 was recovered using a nickel-nitrilotriacetic
acid column and desalted to PBS buffer, pH 7.4, in the presence
of 3 mM glutathione (GSH) and 0.3 mM glutathione disulfide
(GSSG) for 24 h. Sm-TSP-2-EC2 was then purified by high per-
formance liquid chromatography (HPLC) using a linear gradi-
ent of 20–60% Buffer B (10% H2O in CH3CN) over 80 min
(Phenomenex Jupiter C18 column of 5 m; 150 mm 150 m
inner diameter). After the expected mass of Sm-TSP-2-EC2
was confirmed usingmass spectroscopy, the proteinwas lyoph-
ilized and dissolved in pure water at a concentration of 1.4 mM,
and the pH was adjusted to 5.2. For structure determination,
CHAPS was added to a concentration of 5 mM.
Protein Structure Determination Using NMR Spectroscopy—
Data were acquired at 298 K using a 900-MHz Avance II NMR
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany)
equipped with a cryogenically cooled probe. Data for backbone
resonance assignments, including HNCA, HNCACB, CBCA-
(CO)NH, HNCO, HNCACO, HBHACONH, were acquired
using nonuniform sampling. Sampling schedules that approxi-
mated the signal decay in each indirect dimension were gener-
6 S. Shouldice and J. Martin, unpublished data.
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ated using sched3D (17). Nonuniform sampling data were pro-
cessed using the Rowland NMR toolkit with the automatically
generated maximum entropy processing scripts (17). A non-
uniform sampling 4D HCC(CO)NH-TOCSY (18) was used for
rapid side-chain assignments, which were confirmed by 13C-
edited NOESYSHQC (aliphatic side chain). (H)CB(CGCC-
TOCSY)Har (19), Tyr-selective (H)CB(CGCC-TOCSY)Har,
and Phe-selective (H)CB(CGCC-TOCSY)Har were also acquired
toassist the assignmentof the aromatic spin system.Thecomplete
chemical shift assignments are available from BioMagResBank
(accession number 19217). A 15N-edited NOESYHSQC and
two 13C-edited NOESYHSQC (aliphatic and aromatic side
chains, respectively) with amixing time of 120mswere used for
NOE derived distance restraints.  and  dihedral angles
restraints were derived from TALOS chemical shift analysis
(20), with the boundaries of the restraint used for structural
calculations set to twice the estimated standard deviation.
NOESY spectra were manually peak picked and integrated
using CCPNMR (21), peak lists were automatically assigned,
distance restraints were extracted, and an ensemble of struc-
tures was calculated using CANDID within the torsion angle
dynamics package CYANA (22). The tolerances used for
CYANA were 0.03 ppm in the direct 1H dimension, 0.040 ppm
in the indirect 1Hdimension, and 0.45 ppm for the heteronuclei
(13C,15N). Disulfide topology was initially left undefined, but
initial structure calculations showed only one disulfide topol-
ogy was possible based on the observed NOEs, and in the final
structure calculation the disulfide topology was defined (Cys-
42–Cys-70 and Cys-43–Cys-59). Using CYANA (22), 100 ran-
dom conformers were annealed in 8000 steps using torsion-
angle dynamics, and 20 conformers with the lowest residual
restraint violations were selected as the representative struc-
tures. Coordinates of the final ensembles were deposited into
the Protein Data Bank with code 2m7z. Structure quality was
assessed using MolProbity (23).
Pulse Field Gradient NMR Diffusion Measurements—Sm-
TSP-2-EC2 was dissolved in H2O (1.1 mM, pH 5.2) containing
10% D2O, and 20 l of 1% dioxane in D2O was added as an
internal radius standard (2.12 Å) (24). A translational self-dif-
fusion coefficient of 1.1 mM 15N-labeled Sm-TSP-2-EC2 was
measured at 298 K on the aforementioned NMR spectrometer.
Pulse field gradient NMR diffusion measurements were per-
formed with a stimulated echo sequence using bipolar gradi-
ents and water suppression using a 3-9-19 pulse sequence with
gradients (24–26). The lengths of the diffusion gradient and the
stimulated echo were optimized to 2 and 100 ms to give a total
decay in the protein signal of93%. A series of 80 or 128 diffu-
sion-weighted one-dimensional spectra were recorded in a
pseudo two-dimensional manner with the strength of the dif-
fusion gradient varying between 2 and 95% that of itsmaximum
value. Diffusion coefficients of 1.17  0.037  1010 m2/s (D)
were obtained by fitting intensities of several peaks (7.659,
7.559, 7.356, 6.989, 6.891, 6.845, 6.723 ppm) in the aromatic
region to the following equation with the program Simfit in
Topspin 3.2 (Bruker), I I0e(D2g22(/3/2)), where I
is the observed intensity, I0 the reference intensity (unattenu-
ated signal intensity), D the diffusion coefficient,  is the gyro-
magnetic ratio of 1H, g is the gradient strength,  the length of
the gradient, the diffusion time, and  the time between bipo-
lar gradients.
D2O Exchange and Detergent Titration—500 l of 0.1 mM
15N-labeled Sm-TSP-2-EC2 in H2O, pH 5.2, was lyophilized
and redissolved in 500 l of D2O in the presence of 5 mM
CHAPS. A 15N HSQCwas recorded at 0, 2, 3, 6, 7.5, 10, 13, and
14 h after the addition of D2O. Amide protons involved in
hydrogen bonds were identified by the presence of their NH
resonances in 15N HSQC at least 6 h after dissolving in D2O.
The interactions of Sm-TSP-2-EC2 with CHAPS was deter-
mined by titration of a 0.1mM solution of 15N-labeled Sm-TSP-
2-EC2 with a 10 mM solution of CHAPS to a final protein:
CHAPS ratio of 1:0.5, 1:1, 1:2, 1:5, 1:10, 1:20, 1:30, 1:40, 1:50,
1:60 andmonitoring of the chemical shift changes and intensity
changes of the protein peaks by 15NHSQCspectra. The binding
affinity was obtained by the least squares fitting of the chemical
shift changes to a binding isotherm assuming a single binding
site of CHAPS on Sm-TSP-2-EC2. To characterize the interac-
tion of Sm-TSP-2-EC2 with tegument membrane, 0.53 mM
15N-Sm-TSP-2-EC2 was titrated with a 10 or 100 mM stock
of the 1:0.8 mixture of dodecylphosphocholine (DPC) and
CHAPS to approximate the cholesterol-rich schistosome Teg-
ument (27, 28). The titrationwas performed at a [protein]:[DPC
1:CHAPS 0.8] ratio of 1:0.5, 1:1, 1:4, 1:8, 1:16, and 1:24 to reach
the critical micelle concentration (CMC) of DPC 1:CHAPS 0.8.
Chemical shift and intensity changes of the cross-peaks were
monitored by 15N HSQC spectra.
Animal Ethics and Parasite Lifestyle Maintenance—Re-
search involving animals in this study was approved by the Ani-
mal Ethics Committee of the Queensland Institute of Medical
Research. The study was conducted according to guidelines of
the National Health andMedical Research Council of Australia
as published in the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes, 7th edition, 2004. The
Puerto Rican strain of S. mansoniwasmaintained in ARC Swiss
mice and Biomphalaria glabrata snails at QIMR from stocks
originating from the National Institute of Allergy and Infec-
tious Diseases Schistosomiasis Resource Centre, Biomedical
Research Institute (Rockville, MD). Worm pairs were perfused
from mice 6 weeks post-infection.
Tegumental Protein Cross-linking, Purification, and SDS-
PAGE—Approximately 57 worm pairs were perfused from
infected mice and washed thoroughly in perfusion buffer (145
mM NaCl, 60 mM sodium citrate). For control samples the per-
fusion buffer was removed, andwormswere snap-frozen on dry
ice and stored in liquid nitrogen for later processing. For cross-
linking of surface proteins with bis(sulfosuccinimidyl)suberate
(BS3), worms were perfused and washed thoroughly in Hanks’
balanced salt solution (HBSS; Sigma) and then incubated in 5
mM BS3 in HBSS for 30 min at room temperature with occa-
sional agitation. The reaction was quenched by the removal of
BS3 and the addition of 10 mM glycine in HBSS for 15 min at
room temperature. Worms were washed 3 times with HBSS,
and all liquid was removed before freezing on dry ice. The teg-
umentwas removed fromboth cross-linked anduncross-linked
worms by the freeze/thaw/vortexmethod (29) with slightmod-
ifications. Briefly, the worms were thawed, initially at room
temperature and then on ice, and washed quickly in ice cold
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TBS (10mMTris/HCl, 0.84%NaCl, pH 7.4).Worms were incu-
bated on ice for 5 min in 10 mM Tris/HCl, pH 7.4, vortexed 5
times for 1 s each, and the supernatant was transferred to a new
tube. The supernatant was centrifuged at 12,000 g for 30min
at 4 °C, and the resulting pellet was resuspended in 21 l of 10
mMTris/HCl, pH 7.4. 4 Laemmli sample buffer (62.5mM, 1 M
Tris, pH 6.8, 2% SDS, 0.05% bromphenol blue, 20% glycerol,
0.71 mM 	-mercaptoethanol) was added to a final concentra-
tion of 1 to each sample before boiling for 5min at 95 °C. The
samples were then applied to 1-mm-thick 4% stacking, 10%
resolving gel for SDS-PAGE. Electrophoresis was carried out at
100 V for 20 min and then 200 V for 50 min. The gels were
stained using Coomassie Brilliant Blue and destained in
25:10:65 methanol/acetic acid/water (v/v/v).
Blue Native PAGE—Approximately 60 freshly perfused
worm pairs were washed thoroughly in perfusion buffer. The
tegument was isolated according to the standard freeze/thaw/
vortex protocol (above), except the tegument was resuspended
in a final concentration of 1NativePAGE sample buffer, 1
protease inhibitor (Roche Applied Science), and 1% n-dodecyl-
	-D-maltoside using the NativePAGE Sample Prep kit (Invitro-
gen). Samples were incubated on ice for 15 min before centri-
fugation at 12,000  g at 4 °C for 30 min. NativePAGE G-250
Sample Additive (Invitrogen) was added to isolated proteins to
a final concentration of 0.25%. Fractionationwas carried out on
1.0-mm NativePAGE 3–12% Bis-Tris Gel (Invitrogen) using
1 NativePAGE Anode Running Buffer and 1 Native PAGE
DarkCathode Buffer (Invitrogen). The samplewas fractionated
under native conditions at 4 °C at 150 V for 1 h and 200 V for 45
min. After destaining the gel, the lane was then divided into
30 slices, and an in-gel tryptic digest was performed as per the
protocol described above.
Sm-TSP-2 Immunoprecipitation—BS3was used to cross-link
the teguments of 180 worm pairs as described above. The
teguments were then isolated by the standard freeze/thaw/vor-
tex protocol. The resulting tegument pellet was resuspended in
lysis buffer (0.5Murea, 0.2% (w/v) SDS, 1.0% (v/v) TritonX-100,
1 mM dithiothreitol (DTT), PBS-0.1% Tween 20 (PBST)). A
polyclonal anti-Sm-TSP-2 antibody raised against recombinant
Sm-TSP-2-EC2was used to precipitate protein complexes con-
taining Sm-TSP-2, and antibodies to REX, a ring stage-specific
protein from Plasmodium falciparum (30), were used as a neg-
ative control. Protein G Sepharose beads (BioVision) were
washed 3 times with PBST before antibody binding in PBST at
4 °C for 1 h under rotation. The beads were washed twice
more with PBST before the addition of cross-linked tegument
proteins and incubation overnight at 4 °C under rotation. The
unbound fraction was collected, and the beads washed three
times with PBST. Bound proteins were eluted by adding 4 
Laemmli sample buffer and incubating at 95 °C for 10 min.
Eluted proteins were fractionated by SDS-PAGE using a 4%
stacking and 12% resolving gel. The gels were stained using
Coomassie Brilliant Blue and destained in 25:10:65
methanol/acetic acid/water (v/v/v), and in-gel tryptic digest
was performed.
In-gel Tryptic Digest andMass Spectroscopy—SDS-PAGE gel
lanes were divided into 30 slices, and each slice was cut into
small pieces. Each gel slice was processed independently and
was first destained twice by incubation in 50% acetonitrile, 200
mMNH4HCO3 for 45 min at 37 °C for 30 min at 37 °C and then
dried using a vacuum centrifuge. The gel pieces were resus-
pended in 20 mM DTT and reduced for 1 h at 65 °C. DTT was
removed, and the samples was alkylated by the addition of 50
mM iodoacetamide and incubation in darkness at 37 °C for 40
min. Gel pieces were washed twice in 25 mM NH4HCO3 for 15
min and completely dried in a vacuum centrifuge. Gel pieces
were rehydrated with 20 l of trypsin reaction buffer (40 mM
NH4HCO3, 10% acetonitrile) containing 20 g/ml trypsin
(Sigma) for 20min at room temperature. An additional 50l of
trypsin reaction buffer was added to the samples and incubated
overnight at 37 °C. The digest supernatant was removed from
the gel slices, and residual peptides were washed from the gel
slices by incubating 3 times with 0.1% formic acid for 45 min at
37 °C. The original supernatant and extracts were combined
and dried in a vacuum centrifuge. The tryptic peptides were
resuspended in 12 l of 5% formic acid before mass spectral
analysis.
Protein Identification Using Tandem Mass Spectroscopy—
Tryptic fragments from in-gel digests were chromatographi-
cally separated on a Dionex Ultimate 3000 HPLC using an Agi-
lent Zorbax 300SB-C18 (3.5 m, 150 mm  75 m) column
and a linear gradient of 0–80% solvent B over 60 min. A flow
rate of 0.3 l/min was used for all experiments. The mobile
phase consisted of solvent A (0.1% formic acid (aqueous)) and
solvent B (80/20 acetonitrile, 0.1% formic acid (aqueous)). Elu-
ates from the reverse phase HPLC column were directly intro-
duced into the NanoSpray II ionization source of a 5600
MS/MSSystem (ABSciex) operated in positive ion electrospray
mode. All analyses were performed using Information Depen-
dant Acquisition. Analyst 2.0 (Applied Biosystems) was used
for data analysis and peak list generation. Briefly, the acquisi-
tion protocol consisted of the use of an Enhanced Mass Spec-
trum scan as the survey scan. The three most abundant ions
detected over the background threshold were subjected to
examination using an Enhanced Resolution scan to confirm the
charge state of the multiply charged ions. The ions with a
charge state of 2, 3, or with unknown charge were then
subjected to collision-induced dissociation using a rolling col-
lision energy dependent upon the m/z and the charge state of
the ion. Enhanced Product Ion scans were acquired resulting in
full product ion spectra for each of the selected precursors,
which were then used in subsequent database searches.
X! Tandem Searches—Searches were performed using Ver-
sion 12.10.01.1 of X! Tandem (31) with a 0.1-Da tolerance on
the precursor and 0.1-Da tolerance on the product ions, allow-
ing for methionine oxidation and carbamidomethylation as
fixed and variable modifications, respectively, one missed
cleavage, charge states2 and3, and trypsin as the enzyme.
All experiments were searched against the Uniprot S. mansoni
proteome data set, downloaded on the Feb. 10, 2013 (11,712
sequences). Searches were also made against the SwissProt
database (as of theMay 23, 2011) to control for contamination.
Any peptidematching a non-schistosome protein was removed
from the peptides attributed to identifications from the S. man-
soni database. The criteria for accepting protein identifications
were as follows: (i) the identification needed to contain at least
Structural Insight of Tetraspanin and Its Binding Partners
7154 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289•NUMBER 10•MARCH 7, 2014
 at QIM
R Berghofer M
edical Research Institute on M
arch 15, 2014
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
two peptides with an e value less than 0.05, and (ii) at least one
significant peptide was unique to the identified protein. In the
case of protein identifications relying on the same peptide iden-
tifications, the protein with the highest score was used.
RESULTS
Recombinantly Expressed Sm-TSP2-EC2 Showed Well Defined
Secondary Structure—Periplasmic expression of Sm-TSP-2-
EC2 resulted in the production of 7 mg of 13C,15N-labeled pro-
tein from500ml ofminimalM9medium.Mass spectroscopy of
the expressed protein confirmed the anticipatedmass based on
the amino acid sequence of the Sm-TSP-2-EC2 expression con-
struct (9.2 KDa for a 15N-labeled protein). NMR data recorded
using 1.4mM Sm-TSP-2-EC2 protein inwater at pH 5.2 showed
well dispersed resonances in the 15NHSQC spectrum, suggest-
ing that the protein was correctly folded. However, mild-line
broadening was observed for a small number of resonances,
indicative of either oligomeric assemblies or conformational
exchange. As the human tetraspanin hCD81-LEL exists as a
homodimer in solution (32), 5 mM CHAPS, a zwitterionic
detergent commonly used for disaggregation of protein com-
plexes (33), was added to Sm-TSP-2-EC2. This reduced line
broadening in affected residues, suggesting disaggregation of
protein complexes though still consistent with conformational
stabilization. Given the well dispersed resonances for Sm-TSP-
2-EC2 in water and the high degree of similarity in chemical
shifts for the majority of resonances recorded in 5 mM CHAPS,
spectra recorded under the latter conditions were used to
assign all backbone resonances using standard triple-resonance
methods (34) (Fig. 1a). Chemical shift analysis of  and 	 car-
bons indicated the presence of threemajor helical regions span-
ning residues Lys-10–Lys-22 (helix A), Glu-27–Leu-40 (helix
B), and Cys-70–Lys-79 (helix C), and these were confirmed
using predicted 
 and  angles in TALOS (20). These major
elements of secondary structure correspond to the three-helix
conserved region described in the hCD81-LEL crystal structure
(helices A, B, and E in that structure).
Sm-TSP-2-EC2 Possesses a Conserved and Variable Region
When Compared with hCD81-LEL—The solution structure of
Sm-TSP-2-EC2, in the presence of 5 mM CHAPS, was calcu-
lated using 1705 non-redundantNOEupper-distance limits, 11
hydrogen bonds restraints, and 129 TALOS-derived dihedral
angle restraints (Table 1). The 20 conformers with the lowest
final target function values converged into a single well defined
structurewith a backbone rootmean square deviation of 0.35
0.07 Å (Fig. 2a) for residues Lys-9–Lys-79. Analysis of the low-
est energy structures with MolProbity (23) showed that the
structure was of a high stereochemical quality as reflected in a
low clash score, high Ramachandran plot quality, and favorable
side-chain rotamers (Table 1). The averageMolProbity score of
1.90 places the 20models in the ensemble in the 81st percentile
relative to all other structures ranked using this algorithm. The
consensus structure of Sm-TSP-2-EC2 has the same mush-
room-like fold possessed by hCD81-LEL (10), with a “stem”
composed of helices A, B, and C and a variable region, between
residuesHis-41 andGly-69 that has a well defined structure but
few secondary structure motifs apart from a small 	-hairpin
between residues Val-64 and Lys-61 (Fig. 2b). The variable
region is folded tightly back upon itself and is reinforced by two
disulfide bonds formed between the four conserved cysteine
residues characteristic of the TSPs. Despite the conserved
disulfidemotif, the variable region of Sm-TSP-2-EC2 shows the
greatest structural deviation from the hCD81-LEL structure
with the variable regions of the two molecules exhibiting very
little conservation of secondary or tertiary structure (Fig. 3).
Initial structure calculations, in which the disulfide topology of
Sm-TSP-2-EC2 was left undefined, showed that only one disul-
fide topology was possible based on the observed NOEs, and
this topology corresponded to that observed in characterized
TSPs, including hCD81-LEL.
Intramolecular Interactions Stabilize the Structure of Sm-
TSP-2-EC2—Slowly exchanging amide protons were used to
determine potential hydrogen bonds in Sm-TSP-2-EC2. After
6 h in D2O, amide protons from 20 residues were still identifi-
able by the presence of a NH resonance in a 15N HSQC spec-
trum (data not shown). Analysis of the structures confirmed
that the majority of these amides are involved in hydrogen
bonds stabilizing the major elements of secondary structure of
Sm-TSP-2-EC2, including three helical hydrogen bonds in
helix C and five helical hydrogen bonds in helix B. Interestingly
no slow exchanging amides were observed in helix A, suggest-
ing it to be flexible in solution, compared with helices B and C.
In the head region, hydrogen bonds between the HN of Tyr-51
and O of Pro-48 as well as HN of Ser-47 and a side chain OD of
Asp-50 stabilize a small 310 helical region, and reciprocalHN-O
hydrogen bonds between Val-64 and Lys-61 stabilize a small
	-hairpin. In addition, a hydrogen bond between HN of Ile-71
and the O of Ala-45 further stabilizes the head region by
anchoring it to the beginning of helix C.
The Electrostatic Potential of Sm-TSP-2-EC2 Shows Marked
Differences to hCD81-LEL—Analysis of the surface electrostatic
potential of Sm-TSP-2-EC2 shows a distinct low polarity patch
in the head region of the molecule. Three Pro residues (Pro-48,
Pro-55, and Pro-56), Cys-59, Val-64, and Phe-66 form the
hydrophobic patch, which is circled by charged residues,
including Lys-49, Glu-53, andAsp-62. The conformation of the
loop is stabilized primarily by the disulfide bond between
Cys-43 and Cys-59, which draws the center of the loop toward
the core of the molecule (Fig. 4). Gly-44 and Gly-52 in the head
region possess backbone conformations only accessible by Gly
residues (as indicated by their Ramachandran 
, pairs: 54.8
3.8°, 178.1  10.0°, and 113.3  4.0°, 102.4  5.3° respec-
tively) due to their increased conformational freedom. Interest-
ingly, this Gly pair and their conformation was also observed in
hCD81-LEL (11), and Gly-44 together with its two preceding
Cys residues form an absolutely conserved motif of all TSPs,
suggesting that the Gly residue and its conformational flexibil-
ity is required for the tight folding of the head region. The sur-
face electrostatic potential of Sm-TSP-2-EC2 also shows a
strongly positive region formed primarily by a Lys-rich region
in helix A (Fig. 3). This region of the molecule corresponds to
the proposed dimerization interface of hCD81-LEL, which in
hCD81-LEL is a large non-polar patch (10). This difference in
the electrostatic potential of the two molecules makes it an
unlikely interface for dimerization of Sm-TSP-2.
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Sm-TSP-2-EC2 Is Monomeric in Solution—Given the strongly
positive electrostatic potential of the area of Sm-TSP-2-EC2
corresponding to the proposed dimerization interface of
hCD81-LEL, we addressed the question of where, or if,
Sm-TSP-2-EC2 formed dimers? Despite the absence of a low
polarity patch, mild line-broadening in initial spectra, recorded
in H2O, was still consistent with oligomeric protein assemblies,
although conformational exchange could cause similar effects.
Likewise, sharpening of resonances upon the introduction of 5
mMCHAPS could indicate disruption of protein complexes but
is also consistent with the stabilization of parts of the protein by
interactions with CHAPS molecules. Therefore, to determine
the source of the line broadening and whether Sm-TSP-2-EC2
oligomerized in solution, the diffusion co-efficient of Sm-TSP-
2-EC2 in water was calculated and compared with that of the
internal standard dioxane. From this comparison a hydrody-
FIGURE 1. 15NHSQC spectrumof Sm-TSP-2-EC2. a, 15N HSQC spectrum of a 1.4mM solution of Sm-TSP-2-EC2 in H2O at 298 K in the presence of 5mM CHAPS.
The cross-peaks of the backbone amides are assigned with the one-letter amino acid code and the sequence number of the residue. Horizontal lines connect
pairs of cross-peaks from the side-chain amides of Asn and Gln. Folded peaks from arginine side chains are labeled with a star. Gly-1, Ser-2, and Asn-3 were
introduced by the protein expression construct. Insets are amide cross-peaks for residues Phe-33 and Asp-46 corresponding to protein:CHAPS ratios of 1:0 (1),
1:5 (2), 1:20 (3), 1:40 (4), and 1:60 (5). b, binding affinity of Sm-TSP-2-EC2 to CHAPS measured by NMR spectroscopy at 298 K. Kd values obtained from the
chemical-shift changes of Lys-22, Phe-33, Glu-35, Leu-40, Asp-46, Lys-73, and Leu-77were 0.86 0.08, 0.92 0.09, 0.89 0.11, 1.23 0.11, 2.02 0.19, 1.94
0.30, and 1.16 0.10 mM, respectively, indicating an upper limit of about 2.00 mM.
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namics radius of (16.8  0.5)  1010 Å was measured for
Sm-TSP-2-EC2 (25). This value is consistent with a protein of
71 to 88 amino acids, suggesting that Sm-TSP-2-EC2 is mono-
meric in solution and that the EC2 domain alone does not
mediate dimerization of Sm-TSP-2. Apart from resonances
originating fromunfolded protein, 15NHSQC spectra recorded
before and after purification by HPLC were similar, suggesting
that purification under denaturing conditions did not lead to a
monomeric state (data not shown).
The -Helices of the Constant Region Mediate Contacts with
CHAPS—The concentration of CHAPS used was well below its
CMC (9 mM in pure water; Ref. 35), and accordingly, it is
likely that CHAPS molecules were interacting with specific
parts of Sm-TSP-2-EC2 and stabilizing conformational fluctu-
ations. To map these interaction sites, Sm-TSP-2-EC2 in water
was titrated with increasing concentrations of CHAPS, and
chemical shift and peak intensity changes were monitored in
15N HSQC experiments (see Fig. 1a for examples). Analysis of
chemical shifts showed two well defined areas of increased per-
turbation that corresponded to helices B and C (Fig. 5a). In
particular, residues 33–40 and 71–77 (excluding residue 75) all
showed average 1H and 15N chemical shift changes	0.10 ppm.
Binding affinities were calculated for some amino acids with a
perturbation greater than 0.10 ppm, and these yielded an affin-
ity of Sm-TSP-2-EC2 forCHAPSof 1–2mMat 25 °C (Fig. 1b). In
the same titrations, 1H and 15N cross-peak intensities increased
with increasing concentrations of CHAPSuntil a concentration
of 3 mM. After this, concentration intensities decreased as the
concentration of CHAPS was increased (Fig. 5b). As Sm-TSP-
2-EC2 is monomeric in solution, the reduction in line broaden-
ing at low concentrations suggests that CHAPS may stabilize
conformational fluctuations, most likely in the stem region of
the molecule where chemical shift changes are the greatest.
Given that under physiological conditions the EC2 domain
would be anchored to the membrane by the rest of the mole-
cule, this conformational flexibility is probably an artifact of
examining the EC2 domain in isolation from its transmem-
brane domains.
The -Helices of the Constant Region Interact with DPC:
CHAPS Micelles—Despite an extracellular domain, the TSP
EC2 domain is still thought to interact with the surface of the
plasma membrane (32). The schistosome tegument has a cho-
lesterol to phospholipid molar ratio of 0.7–1.1 (27); thus to
examine the interactions of Sm-TSP-2-EC2 with micelles
approximating the lipid composition of the schistosome, tegu-
ment titrations were conducted using a 1:0.8 mixture of DPC
andCHAPS tomimic cholesterol (28). At concentrations below
the CMC of DPC (1.2 mM; Ref. 36) small chemical shift vari-
ations (
0.10 ppm) were observed, mostly in residues from the
helices comprising the constant region of the molecule. How-
ever, significant line broadening was observed for the same res-
idues, indicating intermediate exchange interactions with the
detergent. At concentrations of 2 mM and above, significant
chemical shift changes were observed in spin systems from the
helical constant domain of Sm-TSP-2-EC2 (Fig. 5c), and line
broadening was observed in	80% of the spin systems (Fig. 5d),
with 13% of the amide cross-peaks broadened beyond detec-
FIGURE 2. Structure of Sm-TSP-2-EC2. a, stereo view of the 20 lowest energy structures calculated for Sm-TSP-2-EC2. The protein backbone is shown in blue,
and the two disulfide bonds are shown in red. b, structure of Sm-TSP-2-EC2 depicted as a ribbon diagram. The three major helices composing the constant
domain of the protein are labeled A, B, and C and disulfide bonds are highlighted in yellow. Residues in the constant, or stem, region are colored red and in the
variable, or head, region are colored blue.
TABLE 1
NMR and refinement statistics for protein structures
Protein
NMR distance and dihedral constraints
Distance constraints
Total NOEa 1705
Intra-residue 491
Inter-residue
Sequential (i j 1) 448
Medium range (i j  4) 351
Long range (i j	 5) 415
Intermolecular N/A
Hydrogen bondsb 11
Total dihedral angle restraints
 64
 65
Structure statistics
Cyana target function (Å2) 0.46 0.05
Violations (mean and S.D.)
Distance constraints (	0.1Å) 1.25 0.97
Dihedral angle constraints (	5°) 0 0
Maximum dihedral angle violation (°) 3.28
Maximum distance constraint violation (Å) 0.32
Stereochemical qualityc
Residues in most favored
Ramachandran region, % 92.95 1.93
Ramachandran outlier, % 0 0
Unfavorable side chain rotamers, % 13.63 2.49
Clashscore, all atoms 0.36 0.40
Overall MolProbity score 1.90 0.15
Average pairwise r.m.s. deviationd (Å)
Heavy 0.85 0.09
Backbone 0.35 0.07
a Non-redundant NOE upper-distance limits.
b Two restraints used per hydrogen bond.
c Stereochemical quality was assessed using MolProbity. Clashscore is the number
of steric overlaps (	0.4 Å) per 1000 atoms.
d Root mean square deviation values were calculated over the well defined regions
of the structure (residues 9–79) among the ensemble of 20 structures.
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tion. This broadening is consistent with a decrease in the T2
relaxation time of a micelle/protein complex and, when com-
bined with the chemical shift changes, suggests the interaction
of Sm-TSP-2-EC2 with DPC:CHAPS micelles via the helical
constant domain. Similar chemical shift perturbations and line
broadening was observed upon the addition of DPC only, with
0.4 mM DPC sufficient to broaden some cross-peaks beyond
detection (data not shown).
Sm-TSP-2 Forms Homodimers in TEMs—Although cross-
linking studies of the human TSPs, CD9, CD81, and CD151
suggest that the primary units of TEMs are TSP homodimers,
heterodimeric assemblies have also been observed (37).
Accordingly, to determine whether Sm-TSP-2 interacts with
other schistosome TSPs, potential protein constituents of
Sm-TSP-2-mediated TEMs were identified using tandemmass
spectroscopy (MS/MS) after chemical cross-linking of surface
membrane proteins on whole worms with the lipid insoluble
BS3. Initial experiments comparing the migration of proteins
from cross-linked and control tegument preparations using
SDS-PAGE showed that Sm-TSP-2 exhibited a significantly
slower migration after BS3 treatment (Fig. 6), suggesting the
successful cross-linking of Sm-TSP-2with other TEMproteins.
Incubation of cross-linked proteins with anti-Sm-TSP-2 anti-
bodies and subsequent SDS-PAGE and MS/MS of the bound
fraction led to the identification of six proteins occurring in
each of two replicates. Analysis of SDS-PAGE gels of proteins
incubatedwith a control antibody provided no significant iden-
tifications from a S. mansoni sequence database. Interacting
proteins were identified in the same band as Sm-TSP-2 and
included calpain (G4VAG2), annexin (G4VL68), heat shock
protein 70 (G4V8L4), alkaline phosphatase (G4VJ94), and
actin (G4VSW6) (Table 2). No schistosome TSP other than
Sm-TSP-2 was identified, suggesting that Sm-TSP-2 forms
homodimers in the schistosome tegument.
BN-PAGE Experiments Validated Immunoprecipitation
Results—Non-denaturing blue native PAGE (BN-PAGE) was
also used to fractionate partially solubilized protein complexes
from the S. mansoni tegument. A number of detergents of dif-
fering solubilizing strength, including n-dodecyl-	-D-malto-
side and digitonin, were used, and the resulting protein mix-
tures were fractionated using BN-PAGE. In BN-PAGE gels of
n-dodecyl-	-D-maltoside-treated teguments Sm-TSP-2 was
identified in bands 1–4 as well as in bands 14, 19, and 21–24.
The apparent molecular mass of bands 19 and 21–24 approxi-
mated themolecularmass of native Sm-TSP-2 (26 kDa); how-
ever bands 1–4 and 14 indicated a substantial shift in the
FIGURE 3. Comparison of Sm-TSP-2-EC2 and hCD81-LEL. A comparison of the structures of Sm-TSP-2-EC2 and hCD81-LEL showing the surface electrostatic
potential of the twomolecules (produced using MOLMOL; Ref. 51). Both proteins are orientated so that the stem region and helices A and C of the Sm-TSP-2-
EC2 structure are in the background with helix B bridging the two stem helices. The variable region is protruding to the top right of both molecules. In
hCD81-LEL the constant domain exhibits a low polarity surface, and this area has been proposed as the interaction interface between homodimers of the
molecule. This region in Sm-TSP-2-EC2 contrasts strongly with hCD81-LEL, showing a strongly positive electrostatic potential caused by the presence of
multiple Lys residues in helix A of the EC2 domain. At center is an overlay of a schematic depiction of eachmolecule orientated in the sameway as the surface
diagrams. The overlay shows Sm-TSP-2-EC2 in red and hCD81-LEL in blue and highlights the contrast between the structural conservation in the stem region
of the two TSPs and the diversity shown in the head region.
FIGURE 4. Exposed hydrophobic patch in the head region of Sm-TSP-2-EC2. a, surface electrostatic potential of the variable region of Sm-TSP-2-EC2
showing a non-polar region ringed by the charged or polar residues Lys-49, Glu-53, Asp-62, and Thr-67. b, ribbon diagram of Sm-TSP-2-EC2, in the same
orientation as a, highlighting the extended loop forming the non-polar patch and the disulfide bonds that hold the loop structure in position.
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apparent molecular mass of Sm-TSP-2. In bands 1–4, 8 pro-
teins were co-identified with Sm-TSP-2, including all of the
proteins identified in both IP experiments with the exception of
alkaline phosphatase and calpain. Another two proteins, Sm29
(O96368) and fructose-bisphosphate aldolase (G4VJU0), were
identified in the BN-PAGE as well as one of the IP experiments,
and these were added to the final list of eight potential interac-
tion partners presented in Table 2. Consistent with the IP
FIGURE 5. Sm-TSP-2-EC2 interactions with micelle forming lipids. a, average chemical shift changes for Sm-TSP-2-EC2 after the addition of 5 mM CHAPS.
Residues comprisinghelices B andCdisplayed thegreatest amountof chemical shift variation, suggesting that CHAPS interacts primarilywith residues in these
helices. Averaged 1H and 15N chemical shift changesav was calculated as (0.1N
2H
2)1/2 whereN andH denote the chemical shift changes in ppm
observed in the 15N and 1H dimensions of the 15N HSQC spectrum. b, average amide cross-peak intensity in increasing concentrations of CHAPS. Average
intensity increased initially but began to decrease as the concentration approached the CMC of CHAPS. c, average chemical shift changes for Sm-TSP-2-EC2 in
2 mM DPC:CHAPS (1:0.8). As was the case in CHAPS titrations, residues comprising helices B and C displayed the greatest amount of chemical shift variation,
suggesting primary sites of interactionwere within these areas of themolecule. In some cases residues in these areas were broadened beyond detection, and
these have beenmarked with a bold underline along the x axis. d, reductions in 1H and 15N cross-peak intensity for Sm-TSP-2-EC2 in 2 mM DPC:CHAPS (1:0.8).
The decreasing intensities are calculated as (Iprotein Icomplex/Iprotein), where Iprotein and Icomplex denote the peak intensity of Sm-TSP-2-EC2 without and with
DPC:CHAPS (1:0.8) mixture. Significant line broadening was observed in the majority of residues with areas corresponding to helical regions A, B, and C
displaying the greatest amount of broadening. In a and c, regions comprising helices A, B, and C are labeled andmarkedwith a helix symbol, and a dashed line
marks a chemical shift  of 0.1. In d, a dashed linemarks a 75% reduction in signal intensity.
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experiments, no other schistosomeTSPwas identified in bands
containing Sm-TSP-2.
DISCUSSION
As scaffold proteins, TSPs play an important role in a range of
biological processes due to their close association with proteins
that mediate these processes. The TSP EC2 domain appears to
play the primary role in the formation of these protein com-
plexes termed TEMs (2), and accordingly an understanding of
the mechanisms by which this domain mediates contacts
between other proteins, other TSPs, and the plasmamembrane
is of importance for understanding how TEMs assemble and
function. In S. mansoni, the crucial role of the TSPs is empha-
sized by the effectiveness of Sm-TSP-2 as a vaccine target. The
primary goal of this studywas to understand the structural basis
by which this domain contributes to the formation of TEMs in
the schistosome tegument and to identify potential protein
complexes that form around Sm-TSP-2. The three-dimen-
sional structure of Sm-TSP-2-EC2 reported here along with a
number of potential protein constituents of the Sm-TSP-2
TEM provides insight into the role of the EC2 domain in the
formation of TEMs in the schistosome tegument. Furthermore,
these findings support a functional role of Sm-TSP-2 in main-
taining tegumental integrity and mediating dynamic processes
occurring at the surface of themembrane.Moreover, the struc-
ture reported here is the first solution structure of the EC2
domain and suggests a model in which the conserved region
mediates contacts with the plasma membrane while the head
region provides structural variability for the mediation of con-
tacts with other proteins in the TEMs. Along with the crystal
structure of hCD81-LEL (10, 32), the structure presented here
is the only structural information available for these ubiquitous
proteins.
As with hCD81-LEL, Sm-TSP-2-EC2 adopts a mushroom-
like fold comprising a stem and “head” region. The stem regions
of the two molecules display structural similarity in both the
length of the helices and in their orientation to the rest of the
molecule (Fig. 3). Conversely, the head region exhibits signifi-
cant structural variation. This confirms predictions based on
extensive homology modeling (11) that the stem and head
region represent, respectively, conserved and variable regions.
Titrations of Sm-TSP-2-EC2 with a mixture of DPC:CHAPS
suggests that this organization might reflect a functional
dichotomy inwhich the constant domainmediates interactions
with the plasma membrane, whereas the variable region pro-
vides the structural diversity required for interacting with a
variety of protein partners. Chemical shifts and intensity
changes in DPC:CHAPS titrations support a model in which all
three helices of the stem region of Sm-TSP-2-EC2mediate con-
tacts with the plasma membrane. In DPC:CHAPS, at concen-
trations greater than the CMC of DPC (1.2 mM for DPC; Ref.
36), line broadening of a majority of residues indicates the for-
mation of protein:micelle complexes and chemical shift analy-
sis indicates interactions predominantly with residues of heli-
ces A, B, and C (Fig. 5). In similar studies of hCD81-LEL, peak
intensities also showed the interaction of the protein withDPC:
CHAPSmicelles, but specific interactions weremapped only to
helix E (helix C in Sm-TSP-2-EC2) and with a small number of
residues from the variable head region (32). Unlike Sm-TSP-2-
EC2, hCD81-LEL was shown to be a dimer in this study, and
FIGURE 6. Representative gels from BS3 cross-linking and immunopre-
cipitation experiments. S. mansoni tegument protein preparations not
reacted with BS3 were analyzed using SDS-PAGE (Teg) and non-denaturing
BN-PAGE (BN). Crude BS3 cross-linked tegument preparations and were ana-
lyzed using SDS-PAGE (BS3). Elutes from immunoprecipitation experiments
using BS3 cross-linked tegument preparations and anti-Sm-TSP-2 polyclonal
antibodies were analyzed using SDS-PAGE (IP). Lanes were divided into 33
bands, and the protein constituents of the bands were determined using
tandem mass spectroscopy. Gel bands in which Sm-TSP-2 was identified are
markedwithanasterisk. In BS3, BN-PAGE, and IPexperiments Sm-TSP-2exhib-
ited slower migration through the gel, indicating interactions with proteins
co-identified in the relevant bands. Marker lanes are denoted with MW, and
the apparent molecule masses are shown (kDa).
TABLE 2
Potential members of Sm-TSP-2 mediated TEMs
Mass spectral identification of potential binding partners from non-denaturing BN-PAGE gels and IP experiments. Column headings are: Accession, Uniprot accession;
Score, the X! Tandem protein score; SC, number of unique peptides attributed to the protein identification; CO, percent cover of the protein provided by the identified
peptides; Description, protein description; IP1, IP2, and BN-PAGE, asterisk (*) denotes identification of protein in the first or second immunoprecipitation experiment or
in BN-PAGE experiments.Mass spectrometry identification data are from IP experiments; Loc., asterisk (*) denotes identification of the protein on the surface of S. mansoni
using membrane-impermeable biotin (reported in Braschi and Wilson (38)).
Accession Score SC CO Description IP1 IP2 BN-PAGE Loc.
G4VL68 92.7 11 0.32 Annexin * * * *
G4VJ94 14.6 3 0.08 Alkaline phosphatase * * *
G4VSW6 18.1 3 0.09 Actin * * *
G4VAG2 21.1 3 0.02 Calpain (CO2 family) * *
G4VJU0 19.3 3 0.10 Fructose-bisphosphate aldolase * *
G4LV54 12.4 2 0.01 Fer-1-related (Dysferlin) * * * *
G4V8L4 8.6 2 0.04 Heat shock protein 70 * * *
O96368 14.2 2 0.11 sm29 * * *
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corresponding parts of the molecule were thus not surface-
exposed and available for membrane interactions.
However, although cross-linking studies of the human TSPs,
CD9, CD81, and CD151 clearly show that the primary units of
TEMs are TSP homodimers (37), the role of the EC2 domain in
dimerization has not been fully elucidated. In hCD81-LEL, a
low polarity region in the constant domain of hCD81-LEL has
been proposed as a potential dimerization interface in CD81
(10). This interfacemediates the dimerization of hCD81-LEL in
the crystals used for x-ray diffraction, and a subsequent study
also found that hCD81-LEL was dimerized in solution (32). In
the current study, Sm-TSP-2-EC2 was found to be monomeric
in solution, and the region of themolecule corresponding to the
proposed dimerization interface in hCD81-LEL had a strongly
positive surface potential, making it an unlikely homodimer
interface. Furthermore, no evidence for the presence of other
schistosome TSPs was identified in Sm-TSP-2 TEMs using
chemical cross-linking or BN-PAGE experiments, suggesting
that although homodimers are the primary units of the TEMs
forming around Sm-TSP-2, the EC2 domain of Sm-TSP-2 does
not mediate the dimerization. Although different dimerization
mechanisms may be at work, there is evidence that the
dimerized crystal may not be physiologically relevant. First, in
the crystal structure, themolecules essentially point in opposite
directions, and it is hard to reconcile this arrangement with a
model also incorporating the plasma membrane (32). More-
over, mutation of residues in the proposed interface does not
prevent oligomerization of the CD81 in mammalian cells (12).
In other TSPs, chemical cross-linking of TSP homodimers at
cysteine residues of the second, third, and fourth transmem-
brane domains (37) suggests that these domains form the
dimerization interface.When combined with the evidence pre-
sented here, it appears that the EC2 domain does not play a
major role in oligomerization of TSPs.
In total, eight proteins were identified as potential members
of Sm-TSP-2 mediated TEMs. As BS3 will cross-link any pro-
teins with free amines in close proximity, the identification of a
protein in association with Sm-TSP-2 in an IP experiments
does not establish that the protein directly interacts with Sm-
TSP-2. A more meaningful interpretation is to consider these
proteins as potential members of a protein complex formed
around Sm-TSP-2, with second-order interactions also cap-
tured by cross-linking. An examination of the proteins identi-
fied in the cross-linking experiments (Table 2) shows that half
have been previously identified at the surface of S. mansoni
using membrane-impermeable biotin labeling (38) and, on the
evidence presented here, are potential members of the exposed
TEM in schistosomes. Of the remaining proteins, whereas cal-
pain and HSP70 have been putatively identified as membrane-
associated in S. mansoni (38) and S. japonicum (39), the pres-
ence of both actin and fructose-bisphosphate aldolase suggests
vertical interactions were also captured. Although BS3 is mem-
brane-impermeable, limited penetration of the membranoca-
lyx and/or plasmamembrane could have occurred across dam-
agedmembranes or by active transport. Internalized BS3 could,
therefore, link either Sm-TSP-2 or dysferlin, both ofwhich span
the plasmamembrane, to cytoplasmic proteins. For instance, in
humans calpain is known to interact with dysferlin during
membrane repair (40), and the interaction is thought to occur
at the cytoplasmic face of the plasma membrane. Accordingly,
given a similar interaction in schistosomes, even limited pene-
tration of BS3 could have resulted in the cross-linking of the
two proteins in this study. The phenotype of adult worms sub-
jected to RNA interference against Sm-TSP-2 has been
described (9), and knockdown of the putative TEM members
identified here will provide insight into the significance of the
interaction for the function of the Sm-TSP-2 TEM. The identi-
fication of TEMproteins that are crucial for TEM function is of
particular importance for the development of multivalent vac-
cine antigens targeting Sm-TSP-2 TEMs.
In humans TSP binding partners include integrins, immuno-
globulin superfamily members, growth factor receptors, trans-
membrane proteinases, G-protein-coupled receptors and cyto-
plasmic signaling molecules (41). None of these proteins were
identified as potential TEMmembers in this study, and of those
that were identified none has been previously associated
with TEMs. In S. mansoni, knockdown of Sm-TSP-2 in the
immature stage of theworm results in large scale degradation of
the tegument (9). Given the essential role of Sm-TSP-2 in schis-
tosome tegument integrity, it is interesting that several of the
potential TEMproteins that were identified have roles inmem-
brane repair and fusion. For instance strong evidence links
members of the ferlin family to a role in the regulation and
triggering of Ca2-dependent membrane fusion events (42).
Similarly, annexin, dysferlin, and calpain have all independently
been shown to participate in membrane repair (43–45), and in
the case of calpain this has been shown specifically in schisto-
somes (46). Both calpain and annexin interact with dysferlin
(40, 47), potentially explainingwhy all three proteinswere iden-
tified as potential TEM proteins in this work.
Recently the TSPs have been suggested to play a key role in
the formation and budding of small vesicles called exosomes. A
large quantity of TSPs are released from the cell in exosomes (3,
48–50), and it has been suggested that TSPs orchestrate
changes in the plasma membrane leading to the formation and
budding of exosomes from the cell (4). Although schistosome
exosomes have not yet been described, they have been found in
related species Echinostoma caproni and Fasciola hepatica (52)
as well as in the nematode Caenorhabditis elegans (53). Using
Exocarta (54), all proteins identified as potential members of a
Sm-TSP-2 TEM had homologues that are known constituents
of exosomes, the sole exception being Sm29, a protein unique to
schistosomes. Given the role of the TSPs in exosome formation
and budding and the proteins identified here as potential mem-
bers of the Sm-TSP-2 TEM, it is quite possible that Sm-TSP-2
will be found to play a role in exosomal processes.
Apart from Sm-TSP-2, several other proteins identified as
potential members of Sm-TSP-2 TEMs are themselves poten-
tial vaccine antigens for schistosomiasis. Three have been
shown to be promising vaccine antigens, including Sm29 (55),
calpain (56), and fructose-bisphosphate aldolase (57). Annexin
is also currently under active investigation as a vaccine antigen
(58). The susceptibility of schistosomes to vaccines targeting
the proteins identified asmembers of TEMsmight indicate that
the disruption of the TEMs is an underlying mechanism of the
protection afforded by these vaccines. If this is the case, the
Structural Insight of Tetraspanin and Its Binding Partners
MARCH 7, 2014•VOLUME 289•NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 7161
 at QIM
R Berghofer M
edical Research Institute on M
arch 15, 2014
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
TEMs represent an attractive target for multivalent vaccines
targeting multiple TEM antigens. The identification of mem-
bers of TEMs formed by other schistosome TSPs might also
provide further vaccine or drug targets. This is particularly so in
the case of Sm-TSP-3, the most abundantly expressed TSP in
schistosomula (59), the larval stage that develops once the
schistosome parasite invades a new human host. The newly
transformed schistosomulum is widely viewed as the most sus-
ceptible stage to antibody-mediated damage (60), and identifi-
cation of proteins forming complexes with Sm-TSP-3 will be of
great interest for the development of new vaccine antigens spe-
cifically targeting the schistosomulum.
CONCLUSIONS
In this work we have characterized the tertiary structure of
the EC2 domain of Sm-TSP-2-EC2 and shown that it shares the
mushroom-like topology of hCD81-LEL. Furthermore, we sug-
gest that the stem region of the molecule does not provide a
dimerization interface but rather mediates interactions with
the plasma membrane while leaving the variable domain free
for interactions with other protein partners. Structural conser-
vation of the constant domain means this model is likely appli-
cable to TSPs in general. The schistosome tegument is a
dynamic and complex syncytial cytoplasm critical for the sur-
vival of the parasite in itsmammalian host. Sm-TSP-2 is vital for
tegument formation, repair, andmaintenance and thus is likely
essential for the dynamic processes occurring across the surface
of the plasma membrane. The identification of proteins with
known roles in membrane repair as potential members of Sm-
TSP-2 TEMs reinforces the idea that Sm-TSP-2 maintains the
integrity of the schistosome tegument and for mediating pro-
cess occurring at the surface of the schistosome. Although fur-
ther work is required to elucidate the exact mechanisms by
which these processes occur, the identification of a subset of
proteins interacting with Sm-TSP-2 TEMs widens the pool of
vaccine and drug targets known to be essential for maintain the
in vivo integrity of the parasite. The importance of Sm-TSP-2
for schistosome survival is reflected in its status as one of the
few schistosomiasis vaccine antigens under active develop-
ment, and the current study provides further insight into the
function of this protein and why it appears to be the Achilles
heel of one of humanity’s most pernicious foes.
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Appendix 3 
Supplementary material for Chapter 5 
Table S1. Potential protein interaction partners of Sm22.6 determined by BN-PAGE and 
DMS crosslinking experiments. 
Accession Description 
Smp_000100  filamin 
Smp_002880  ATP synthase alpha subunit mitochondrial, putative 
Smp_003990  triose phosphate isomerase, putative 
Smp_008545  heat shock protein HSP60, putative 
Smp_008660  gelsolin, putative 
Smp_009760  14-3-3 protein, putative 
Smp_012440  glucose transport protein, putative 
Smp_016780  tubulin alpha chain, putative 
Smp_018890  phosphoglycerate kinase, putative 
Smp_020070  expressed protein 
Smp_024110 
 Enolase (2-phosphoglycerate dehydratase) (2- phospho-D-glycerate 
hydro-lyase), putative 
Smp_029500  thimet oligopeptidase, putative 
Smp_030730  tubulin beta chain, putative 
Smp_034840  14-3-3 epsilon 
Smp_035270  malate dehydrogenase, putative 
Smp_038100  ATP synthase beta subunit, putative 
Smp_038950  l-lactate dehydrogenase, putative 
Smp_040680  cytoplasmic dynein light chain, putative 
Smp_043150  SmIrV1 protein, putative 
Smp_046600  Actin-1, putative 
Smp_047370  malate dehydrogenase, putative 
Smp_049250  heat shock protein, putative 
Smp_049550  heat shock protein 70 (hsp70), putative 
Smp_050390  aldehyde dehydrogenase, putative 
Smp_054160  Glutathione S-transferase 28 kDa (GST 28) (GST class-mu), putative 
Smp_056970 
 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Major larval 
surface antigen) (P-37), putative 
Smp_059790  transketolase, putative 
Smp_067890  proteasome subunit alpha type, putative 
Smp_072190  Sm29, putative 
Smp_077720  annexin, putative 
Smp_079220  ADP,ATP carrier protein, putative 
Smp_086480  Antigen Sm21.7, putative 
Smp_090080  serpin 
Smp_095360  fatty acid binding protein, putative 
Smp_097380  groes chaperonin, putative 
Smp_102070 
 Glutathione S-transferase 26 kDa (GST 26) (SM26/2 antigen) (GST 
class-mu), putative 
Smp_123110  expressed protein 
Smp_141010  fer-1-related 
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Smp_147210  ubiquitin (ribosomal protein L40), putative 
Smp_157500  calpain 4, 6, 7, invertebrate, putative 
Smp_161920  actin, putative 
Smp_176130  plasma membrane calcium-transporting atpase, putative 
Smp_181530  tetraspanin, putative 
Smp_185510  hypothetical protein 
Smp_187370  phosphoglycerate kinase, putative 
Smp_194770  ATP:guanidino kinase (Smc74), putative 
 
Table S2. Potential protein interaction partners of SmDLC (Smp_040680) determined by 
BN-PAGE and DMS crosslinking experiments. 
Accession Description 
Smp_012440  glucose transport protein, putative 
Smp_030730  tubulin beta chain, putative 
Smp_038950  l-lactate dehydrogenase, putative 
Smp_045200  22.6 kDa tegument antigen, putative 
Smp_049550  heat shock protein 70 (hsp70), putative 
Smp_054160  Glutathione S-transferase 28 kDa (GST 28) (GST class-mu), putative 
Smp_056970 
 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Major larval 
surface antigen) (P-37), putative 
Smp_072190  Sm29, putative 
Smp_082030  dj-1 protein (park7), putative 
Smp_086480  Antigen Sm21.7, putative 
Smp_161920  actin, putative 
Smp_194770  ATP:guanidino kinase (Smc74), putative 
 
Table S3 Potential protein interactions of Sm21.7 from DMS and BN-PAGE experiments. 
Accession Description 
Smp_045200 22.6 kDa tegument antigen, putative 
Smp_072190 Sm29, putative 
Smp_009760 14-3-3 protein, putative 
Smp_102070 glutathione S-transferase 26 kDa 
Smp_040680 cytoplasmic dynein light chain, putative 
Smp_034840 14-3-3 epsilon 
 
 
 
 
 
